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SUMMARY 
 
Physical principles underlying the delivery of biofunctionality in neutraceuticals 
and functional foods have found a wide interest in the area of food science and 
technology. However, studies on the controlled release of bioactive compounds 
throughout hydrocolloids systems often appear to follow the complicated patterns. In an 
endeavour to understand the fundamentals of release mechanisms of bioactive compounds 
in high-solid systems, this study deals with the diffusion kinetics of water and lipid soluble 
vitamins in relation to the physics of matrices with glasslike consistency where the 
molecular behaviour of biomacromolecules is characterised as temperature dependent 
according to state transitions. This work sought to further advance the understanding in 
this field by utilising micro- and modulated differential scanning calorimetry, small-
deformation rheological techniques, wide-angle X-ray scattering, Fourier transform 
infrared spectroscopy, particle size analysis and scanning electron microscopy to 
characterise encapsulants and bioactive compounds within the composite materials. The 
release kinetics of a series of vitamins was monitored as a function of environmental 
temperature and time using external methods of visible spectrophotometry and dye-
binding assays. 
The first system to be investigated was high-methoxy pectin in the presence of 
polydextrose as cosolute and incorporated ascorbic acid. Physicochemical and structural 
characterisation of the high-solid systems demonstrated that the mechanism of free 
volume governs stress relaxation phenomena of the polymeric system through the process 
of vitrification yielding the mechanical Tg. It was shown that the diffusion kinetics of 
ascorbic acid from the concentrated matrix to the organic solvent exhibits freedom in 
mobility which is strongly temperature dependent in the glass transition region. The 
results demonstrated that utilisation of the concept of diffusion coefficient sheds further 
xxxiv 
 
light into the relationship between free volume of the polymeric system and diffusion 
coefficient of the micronutrient. 
The second experimental chapter is devoted to the κ-carrageenan and glucose 
syrup matrix in which thiamin has been entrapped. Similar to the previous chapter, 
relationships between rheological properties of the polysaccharide/cosolute system and 
vitamin mobility were observed via the combined theoretical framework of the free 
volume and the explanation of the reaction rate. Results obtained theoretically and 
experimentally confirm that mass mobility of the micronutrient is controlled by the 
relaxation phenomena of the high-solid carrier. 
The next piece of work utilised spray-drying technique to develop whey protein 
microcapsules containing nicotinic acid. UV/Vis spectroscopy, the newly introduced 
concept of spectroscopic shift factor and the König reaction were employed to elucidate 
the rate of vitamin transport through the polymeric matrix as a function of a broad time 
and temperature spectrum. The modified Arrhenius equation was applied and found to 
demonstrate that the kinetics of nicotinic acid mobility were distinct from the structural 
relaxation of the polymeric segments. As before, a relationship between fractional free 
volume of the whey protein network and diffusion coefficient of the nicotinic acid was 
established within the observation temperature range. 
The last experimental phase of the work presented in this Thesis explored the 
diffusion patterns of the lipid-soluble vitamin tocopheryl acetate from spray-dried capsules 
prepared from waxy maize starch. Here, changes in viscoelastic properties of spherical 
microcapsules were found to reflect the extent of vitamin diffusion. Mathematical 
modelling tailored on the dependence of nutrient diffusion from the free volume of 
biopolymer matrix demonstrated that an understanding of the glass transition provides a 
valuable new window for the encapsulation processes and physical release of 
micronutrients. 
xxxv 
 
Thus, the present study is particularly important in developing the innovative 
advance of characterising the mobility of bioactive compounds in relation to the Tg. It was 
found that the glassy state of the developed amorphous composite materials limits the 
large-scale motion of the polymeric matrix resulting in slow vitamin diffusion. Non-
Fickian kinetics confirmed the finding rationalising the diffusion mechanism of vitamins 
from the core to the outer layer of polymeric matrix. It can now be further clarified that 
large-scale vibrational motions of polymer chains are in concordant with effective 
diffusion coefficients of the vitamins. The current research elucidates the significance of 
the transition from the glassy to rubbery region in controlling the diffusion of bioactive 
compounds for hydrocolloid matrices. This will form a foundation for studies of a wider 
range of bioactive materials and for the design of further specific controlled release 
systems for industrial exploitation. 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 1 
INTRODUCTION 
ABSTRACT 
 
Globally, foods with positive health benefits have been introduced to consumers, 
who increasingly expect to acquire good health and wellbeing via functional food 
products. In terms of designing novel products, such expectations can be met by 
understanding the physicochemical properties of the biopolymer matrix aimming control 
the kinetics of diffusional mobility of bioactive compounds added to these products. The 
food scientist has to deal with condensed or low moisture material that has been observed 
in starch-based polymers, their hydrolysates, other polysaccharides as well as proteins. 
The interplay between structural development and diffusional mobility occurring in high-
solid mixtures of biopolymers in the presence of bioactive compounds is poorly 
understood at a fundamental level. This Thesis will deal comprehensively with the 
structure-function relationships that control physical stability and the kinetics of delivery 
of compounds with a nutraceutical property. This research scope has largely been scant in 
the food science area and yet provides significant points for food product innovation and 
commercial exploitation. 
In the following section, the relevant scientific literature on four keywords of this 
Thesis: food polymers, vitamins, glass transition and release kinetics are critically 
reviewed. The chapter covers theories behind the glass transition as well as their 
significance, definition and mathematical modelling. In the kinetics release section, 
background on the mechanism and mathematical approaches used to model the rates of 
transport is provided. In the last section, current knowledge is summarised on the basis of 
an extensive review related to the release kinetics of vitamins incorporated in food 
hydrocolloid systems encompassing the glass transition. 
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1.1 FOOD POLYMERS 
 
Biopolymers originate from living organisms and these are of interest for food 
applications as well as pharmaceutical and cosmetic industries. The biopolymers convey 
various functional roles in food matrices and these include water binding, solubility, 
viscosity, emulsification, gel formation and nutrient delivery. Polysaccharides and proteins 
are the two large groups of food polymers which can be dissolved in water as the primary 
solvent and plasticiser (Tolstoguzov, 2008). This topic provides an overview of five food 
polymers, pectin, carrageenan, polydextrose, whey protein and starches particularly their 
structural features as well as physicochemical and functional properties. 
 
1.1.1 Pectin 
 
Pectins are one of the common food hydrocolloids having a complex 
polysaccharide structure and found in the plant cell walls, including fruits and vegetables 
(Willats, Knox, & Mikkelsen, 2006). They are anionic biopolymers consisting of linearly 
connected α(1-4) D-galacturonic acid residues including a proportion of the carboxyl 
groups esterified by a methyl group, as shown in Fig. 1.1 (Iijima, Nakamura, Hatakeyama, 
& Hetakeyama, 2000; Kasapis, 2006a). It is known from the literature that the degree of 
methyl esterification (DE) is the proportion of methyl esterified galacturonic groups to 
total galacturonic acid groups. Depending on the DE, pectins are widely classified into 
two categories comprising high methyl-esterified (HM) pectins for DE equal to or greater 
than 50%, and low methyl-esterified (LM) pectins for DE lower than 50% (Fu & Rao, 
2001; Thakur, Singh, & Handa, 1997). 
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Fig. 1.1 Chemical structure of a representative section of the pectin polysaccharide chain 
(Iijima, Nakamura, Hatakeyama, & Hetakeyama, 2000) 
 
Gel formation is the most important functional property of pectin. Factors that 
influence the functionality of pectins include the differences in their composition, 
solubility, presence of solid and cosolute, DE, pH and temperature (Gnanasambandam & 
Proctor, 1999). High-methoxy pectin can form gels in acidic conditions (pH 2.5-3.8) and 
reduced water activity in the presence of sugar between 55 to 70%. The stable gel is 
obtained from both hydrogen bonds and hydrophobic forces. In contrast, gel formation of 
low-methoxy pectin takes place over a broad spectrum of pH with or without the 
incorporation of sugar. The junction zones of the gel network called the “egg box model” 
are formed by calcium links between two carboxyl groups of two distinct chains in close 
proximity (Iijima, Nakamura, Hatakeyama, & Hetakeyama, 2000; Sila et al, 2009). 
Pectins have always been a natural constituent of human foods. At present, citrus 
peel and apple pomace are the primary sources of commercially available pectins. The 
Joint FAO/WHO Expert Committee on Food Additives (JECFA) regards pectin as a safe 
food ingredient without limits on acceptable daily intake (Thakur, Singh, & Handa, 1997). 
Pectin is considered as dietary fiber because it affects important gastrointestinal and 
systemic body processes (Brownlee, 2011). In food industry, pectins have been widely 
known as gelling, thickening and stabilising agents for a large number of years, and they 
are utilised in the creation of desired textures of a wide range of foodstuffs, particularly 
jams, marmalades, gummy confections, jellies (van Buggenhout, Sila, Deuvetter, van 
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Loey, & Hendrickx, 2009; Chinachoti, 1995). Typically, only 0.2-0.4% of pectin is needed 
to achieve an acceptable firmness (Evageliou, Richardson, & Morris, 1999; May, 1990). It 
was shown that the rheological Tg of pectin and cosolute mixtures at a total level of solid 
of 81%  (1% of citrus peel pectin with DE 92, 40% sucrose and 40% glucose syrup)   was 
-12°C. This system demonstrated viscoelastic behavior with the values of G' being above 
109 Pa in the glassy state (Kasapis, Al-Alawi, Guizani, Khan, & Mitchell, 2000). 
 
1.1.2 Carrageenan 
 
Carrageenan is an important food hydrocolloid extracted from red seaweed of the 
class Rhodophyceae. Structurally, it is an anionic linear sulfated polysaccharides 
consisting of  D-galactopyranose residues connected by regularly alternating α-(13) 
and -(14) bonds (Hilliou, Wilhelm, Yamanoi, & Gonçalves, 2009; Nickerson & 
Paulson, 2005). Carrageenans are classified into three types and these are designed as 
lamda, iota and kappa carrageenan. κ-Carrageenan is an essential gelling polysaccharide 
harvested primarily from Eucheuma cottonii in the Philippines and Indonesia. The 
idealised chemical structure of κ-carrageenan is 3-linked -D-galactopyranosyl 4-sulfate 
alternating with 4-linked 3,6-anhydro-α-D-galactopyranose (Fig. 1.2) that imparts gelation 
properties (Distantina, Wiratni, Fahrurrozi, & Rochmadi, 2011; Jiang, Guo, & Tian, 
2005). 
 
  
 
 
Fig. 1.2 The repeating disaccharide that occurs in κ-carrageenan (Abad, Saiki, Kudo, 
Muroya, & Katsumura & de la Rosa, 2007) 
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κ-Carrageenan forms gels via a cationic gelation method together with a cold-set 
mechanism. Following heating to 60°C to solubilise the carrageenan (<1%) and potassium 
salt in water, the helical molecules will join together from disordered sequences during 
cooling (40-50°C) involving the gel-inducing K+ ions. The selected ions are used to aid 
helix formation and support the aggregation linkage between the helices of junction zones 
(Hilliou, Wilhelm, Yamanoi, & Gonçalves, 2009). This so-called domain model is 
achieved by three-dimensional structures resulting in a characteristically firm and brittle 
gel via the network formation process. The gels of κ-carrageenan are thermo-reversible 
and stable at room temperature. However, systems of  κ-carrageenan (0.5%) in the 
presence of potassium salt (0.2%) will lose their viscosity and gel strength at low pH 
(<4.5) due to autohydrolysis as carrageenan in the acid form is cleaved at the 3,6-
anhydrogalactose linkage. In practice, carrageenan should be introduced at the last stage in 
acidic systems to circumvent extreme acid degradation (Burey, Bhandari, Howes, & 
Gidley, 2008; Imeson, 2000). It was revealed that high-solid systems (70-85% total solids) 
comprising 1% κ-carrageenan and 84% glucose syrup as cosolute in the presence of K+ 
ions (20 mM) were able to form a gel at high temperature (80°C) and exhibit amorphicity 
with a Tg value of -30°C (Kasapis, Al-Marhoobi, & Giannouli, 1999). 
κ-Carrageenan has found broad application in the food formulation because of  its 
GRAS status, biodegradability, high water holding capacity and ability to form gels. For 
gelation and syneresis control, typical concentrations of 0.5-3% of κ-carrageenan are 
utilised in water dessert gels, canned meat, puddings, pie fillings and cold-prepared 
custard (Chinachoti, 1995; Burey, Bhandari, Howes, & Gidley, 2008). Amounts of 0.01-
0.02% of κ-carrageenan are added in ice cream and ice milk formulations to control 
meltdown and preserve whey systems. Carrageenan can also be used as a food thickener 
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and stabiliser in chocolate milk to maintain creaminess and so that cocoa particles remain 
in suspension (Imeson, 2000; Prakash, Huppertz, Karrchuk, & Deeth, 2010). 
 
1.1.3 Polydextrose 
 
Polydextrose is a vastly branched low-molecular weight of glucose polymer 
consisting random glycosidic bonds (Stowell, 2009). The following glycosidic bonds with 
the anomeric carbon of glucose are exists: α and  (1-2), (1-3), (1-4) and (1-6), with (1-6) 
bonds being dominant (Fig. 1.3). The average degree of polymerisation (DP) of 
polydextrose is approximately 10 with a broad range of molecular weight between 162 
and 18,000 Da (Radosta, Boczek, & Grossklaus, 1992; Riberio, Zimeri, Yildiz, & Kokini, 
2003). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3 Chemical structure of polydextrose. The subunit R can be either hydrogen, 
sorbital, sorbital bridges, or more polydextrose (Stowell, 2009) 
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Polydextrose has specific physicochemical characteristics and is available in 
several forms: amorphous powder, granulates and solution. Polydextrose is a highly-
soluble polymer of glucose allowing solutions to be made with more than 80% (w/v) 
concentration at 25°C in water, but it is hardly solubilised in ethanol and no solubility in 
glycerol or propylene glycol. It is relatively stable against hydrolysis in acidic conditions 
(as low as pH 3) and high temperature. The Tg of polydextrose falls with a rise in moisture 
resulting from the plasticising effect of water in food polymer systems (Stowell, 2009; 
Riberio, Zimeri, Yildiz, & Kokini, 2003). 
Polydextrose is safe for human consumption without showing any reproductive 
toxicity, carcinogenesis, mutagenicity, genotoxicity or laxative problems. In 1987, JECFA 
reviewed the safety of polydextrose and stated that it can be incorporated to food 
formulations at the amount of requirement to obtain the optimum functionality (Burdock 
& Flamm, 1999; Craig, Holden, Troup, Auerbach, & Frier, 1998; Jie et al, 2000). 
Polydextrose is categorised as both a resistant polysaccharide and resistant oligosaccharide 
(commonly known as non-digestible oligosaccharides). In many countries, polydextrose is 
widely accepted as a dietary fibre, however, a few countries narrowly define fibre as a 
material from an intrinsic plant source. Since polydextrose has a low digestibility, it can be 
utilised to replace highly glycaemic carbohydrate ingredient and lower the total glycaemic 
index of food (Stowell, 2009). Polydextrose is now well documented as a prebiotic by 
enhancing growth of both Bifidobacteria and Lactobacilli in the human colon. It has been 
reported to enhance fecal mass, soften stools and decrease transit time (Gibson & 
Roberfroid, 1995; Raninen, Lappi, Mykkänen, & Poutanen, 2011). 
Polydextrose is alternatively employed in many food formulations as a functional 
carbohydrate. The desire to reduce the amount of calories in food products had led to the 
utilisation of polydextrose as a sugar or fat replacement (Auerbach, Craig, Howlett, & 
Hayes, 2007: Hicsasmaz, Yazgan, Bozoglu, & Kantnas, 2003; Míčková, Čopìková, & 
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Synytsya, 2007). Polydextrose can produce body and texture in confectionery products 
when used in combination with sucrose or glucose syrup facilitating the manufacture of 
hard and chewy confectionary products (Dodson & Pepper, 1985). It is also used to 
prevent sugar or polyol crystallisation in hard candies. Polydextrose was designed to 
balance and lower the level of sweetness in food products showing also oral health 
benefits being non-cariogenic (Burdock & Flamm, 1999). Polydextrose plays a protective 
role in structure and stability of frozen foods. Thus, the replacement of sugar or polyol 
with polydextrose raises the composite Tg of foods, and disrupts sugar recrystallisation in 
frozen dairy desserts and starch retrogradation in frozen dough and surimi (Kovačevič, 
Mastanjevič, & Kordič, 2011: Stowell, 2009). 
 
1.1.4 Whey proteins 
 
Whey proteins are one of the groups of milk proteins and these have been studied 
extensively in the contexts of milk chemistry, functionality and applications (Creamer & 
MacGibbon, 1996). Whey proteins are recognised for their excellent nutritional value and 
GRAS status, finding wide application in the food industry as gelling agents, texturiser, 
emulsifiers, thickener and foaming agents (Bryant & McClements, 1998). The dairy 
proteins are used as egg protein replacements in confectionery and bakery goods, milk 
replacers in ice cream and fat replacers in low-fat dairy products (de Wit, 1998; Etzel, 
2004). The proteins have a high biological value and can be utilised in sports nutrition, 
infant foods, breakfast cereals, snacks and energy nutrition bars. Four proteins 
predominant in whey are -lactoglobulin (-Lg, 50%), α-lactalbumin (α-La,  20%), 
bovine serum albumin (BSA, 10%) and immonoglobulins (Ig, 10%) (Fox, 2001). 
-Lg is the fraction present in the largest proportion in whey protein and has been 
of particular interest in food science and nutrition. It is a globular protein and a rich source 
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of cysteine which stimulates glutathione synthesis resulting in protection against intestinal 
tumors in rats (McIntosh, Regester, Lelue, Royle, & Smithers, 1995). The tertiary 
structure of -Lg is shown in Fig. 1.4 and includes an α-helix that is located in parallel to 
three-strand -barrels. The thiol can catalyse the disulfide centre where the reactions to 
heat-induced protein denaturation occur. Denaturation of whey protein isolate (15% w/w) 
in the presence of glucose syrup (65 %w/w) and 10 mM CaCl2 at 85°C resulted in a 
coherent network formation with a reduction of whey protein aggregates. The viscoelastic 
and amorphous matrix in sugar environment exhibited a vitrification phenomena near the 
subzero temperature pinpointing Tg  at 2°C (George, Lundin, & Kasapis, 2013) 
   
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.4 Chemical structure of -lactoglobulin. The arrows indicate the strand of -sheet 
(Papiz et al, 1986) 
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 Protein gelation relates to the agglomeration of denatured proteins with a certain 
level of order and a continuous structure formation. The two step process, agglomeration 
and denaturation, can be partially or totally enhanced by changes in the physical or 
chemical environment, as summarised in Table 1.1. In addition, protein gel formation is a 
complicated process which involves intrinsic and extrinsic interactions in the protein 
molecule, a list of which are presented in Table 1.2. 
 
Table 1.1 Physical and chemical factors influence on the protein gelation (Boye, Alli, 
Ismail, Gibbs, & Konishi, 1995; Clark, Kavanagh, & Ross-Murphy, 2001; Devi, Liu, 
Hemar, Buckow, & Kasapis, 2013; Josh, 1993; Totosaus, Montejano, Salazar, & Guerrero, 
2002)  
Classification Factor Process 
 
 
 
 
 
Chemical 
Ions Following salt addition and initial thermal treatment, 
electrostatic repulsion or charges are protected, 
producing a gel. Disruption of secondary arrangement 
initiates a hydrophobic interaction. 
Urea Urea encourages intermolecular thiol-disulfide oxidation 
of thiol groups, leading to a network formation. 
Acids Slow pH reduction lets denaturation to produce 
aggregations or clusters. These fractions can be regarded 
as the gel’s building blocks. 
Enzymes Enzyme catalyses cross-linking between glutamine 
fractions to form a gel network. 
Lactose Lactose replaces expelled water molecules in exposed 
hydrophobic pockets, resulting in a softer protein 
aggregation. 
 
 
Physical 
Heat Heat can partially unfold native protein to produce a 
structure. Ordered protein matrix, by aggregation of the 
molecules. 
High pressure 
 
Pressure (200-600 MPa) enhances hydrophobic 
interactions and disulfide bonds between protein 
molecules, resulting in a rearrangement of the gel 
structure 
 
11 
 
Table 1.2 Interactions involved in protein gel formation (adapted from Totosaus, 
Montejano, Salazar, & Guerrero, 2002)  
Classification Factor Description 
 
 
 
 
 
 
Intrinsic  
Electrostatic interactions They alter the net charge of the protein chain 
via the repulsive and attractive ion forces. 
Disulfide bonds and 
thiol-disulfide interactions 
They relate to the capability of proteins to 
increase the molecular weight and the length 
of polypeptide chain. 
Molecular weight Polypeptide critical molecular weight 
(~23,000 Da) supports individual gel 
networks  
Amino acid composition A coagulant-type gel is form when the 
content of hydrophobic residues is lower 
than 31.5% whereas the higher percentage 
forms a translucent gel. 
Hydrophobicity Play a role in protein organisation by 
arrangement themselves in the interior of the 
protein molecule in aqueous medium. 
 
 
 
 
 
 
 
Extrinsic  
Protein concentration 
 
The cross-linking protein molecules for 
gelation are proportional to the high protein 
concentration. 
pH 
 
Greater electrostatic repulsion, as a result of 
greater net charges between protein 
molecules, can inhibit gel formation. 
Ionic strength It influences the swelling, solubility and 
absorption pf protein molecules.  
Temperature The gelling temperature is high; the 
denaturation occurs at higher rate than the 
aggregation. 
Pressure It modifies the native volume of protein by 
affecting the balance between stabilising and 
destabilising interactions within the protein 
sequence and with water. 
Type of salts Divalent cations (Ca2+, Mg2+, Br2+) at low 
concentration (10-20 mM) form a protein 
matrix.  
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Whey protein gelation is important for the general application of these proteins as 
gelling and thickening agents in foods. This is based on the unfolding and aggregation of 
protein molecules in aqueous solution. Physical interactions between the constituting 
protein molecules including hydrophobic, electrostatic interactions and hydrogen bonds 
are the primary molecular forces in a protein network, and these are accompanied by 
chemical interactions through disulfide bonds (Bryant & McClements, 1998; van Vliet, 
Lakemond, & Visschers, 2004). 
 
1.1.5 Starch 
 
Starch is one of the agro-products from cereal crops grown in temperate countries 
and being used for human consumption. Starch obtained, particularly is a nutritional 
source of carbohydrate, which also promotes greater to the texture and viscosity of 
conventional processed foods. The food industry generally uses starch as a viscosity 
modifier, glazing agent, colloidal stabiliser, as well as gelling, bulking and water retention 
agent (Ellis et al, 1998; Singh, Singh, Kaur, Sodhi, & Gill, 2003). The starch granule has a 
unique architecture with a wide variety of sizes ranging from 3 to over 100 m. For 
example, native maize starch granules are irregular and polygonal shapes with an average 
diameter of 10 m (Chung & Lai, 2006). 
Starch consists of two biopolymers of D-glucose molecules, namely: a linear 
fraction, amylose (MW 105-106) and its branched counterpart, amylopectin (MW 107-109), 
as shown in Fig. 1.5. Amylose has a DP of 1,000-10,000 glucose units with the linear 
structure being made up of glucopyranose units connected through -D(1-4) glycosidic 
linkages (Singh, Singh, Kaur, Sodhi, & Gill, 2003). A recognised property of amylose is 
its unstable nature at high temperatures (110-160°C). Conversely, amylopectin is a much 
larger material with the DP exceeding one million and being stable at high temperatures. 
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Approximately 5% of glucose units are linked by (1-6) bonds within amylopectin 
molecules resulting in a highly branched, tree-like structure and a complex architecture. 
Amylopectin associates exclusively in semi-crystalline structures within lamellae of native 
starch granules because the chains are packed into a crystalline lattice. In contrast, 
amylose primarily represents the amorphous region of the lamellae (Copeland, Blazek, 
Salman, & Tang, 2009; Zobel, 1988).  
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.5 Chemical structure of amylose with -D(1-4) and amylopectin with branch points 
at the 1,6-position (Moore, Clark,. & Vodopich, 1998) 
 
It is known that starch undergoes gelatinisation as a result of heating. Sufficient 
amounts of water are essential to complete the gelatinisation and reduce or eliminate the 
degree of crystallinity in starch granules. Gelatinisation occurs initially in the amorphous 
region due to weakened hydrogen bonding in these areas (Singh, Singh, Kaur, Sodhi, & 
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Gill, 2003). Subjecting the aqueous suspension of native starch granules to 40-50°C results 
in water hydration and swelling of the materials. In the case of wheat starch granules, low 
molecular weight, short, linear polyglucans leach from the granules at the beginning of the 
heating routine, i.e. around 59°C, whereas higher-molecular weight and more branched 
segments leach later at higher temperatures, i.e. at 66°C (Ellis et al, 1998). At this stage, 
collapse of crystalline or structural organisation within the starch granules leads to 
irreversible disruption by uncoiling and non contact of the double helices.  
The gelatinisation of starch has many food industrial applications relating to the 
production of a desirable texture, viscosity and consistency of the end products, including 
bakery products, sauces, soups, and snack foods (Olkku & Rha, 1978). During aging, 
gelatinised starch undergoes retrogradation by changing from the disaggregated state to 
more ordered structure or semi-crystalline aggregates that are distinct from the native 
granules. This phenomenon takes place easily during storage of heat-treated foods that are 
rich in starch and has a considerable effect on the texture, stability, quality and 
biofunctionality along with the shelf life (Fu, Wang, Li, Zhou, & Adhikari, 2013). The 
thermodynamic transitions of gelatinisation and retrogradation are a qualitative index of 
crystallinity and can be analysed by differential scanning calorimetry via the enthalpy loss 
of the crystalline order during gelatinisation and reordering during cooling (Singh, Singh, 
Kaur, Sodhi, & Gill, 2003). 
In some conditions, native starch has limitations for food applications because of 
low shear and thermal resistance, and excessively high viscosity. Starch modification via 
physical and chemical treatments alters the polymer architecture resulting in an 
enhancement of starch functional characteristics for specific usage, as presented in Table 
1.3.  
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Table 1.3 Some properties and applications of modified starch (Singh, Kaur, & McCarthy, 
2007) 
Type Property Application 
Pregelatinisation Cold water dispersibility Useful in instant convenient foods 
Partial acid or 
enzymatic hydrolysis 
Reduced molecular weight 
polymers and viscosity,  
increased retrogradation and 
setback 
Confectionery products and food 
coating  
Oxidation/bleaching High clarity, low viscosity, and 
low temperature stability 
Utilised in batters and breading for 
coating many bakery goods, in 
confectionery as binders and film 
forming agent, in dairy as texturisers  
Pyroconversion 
(dextrinisation) 
Low to high solubility depending 
on the process, low viscosity, 
high reducing sugar content 
Used as coating  agents for wide 
range of foods, excellent film 
forming capability and as fat 
replacer in dairy products 
Esterification Lower gelatinisation temperature 
and retrogradation,  
reduce occurrence to form gels 
and higher paste clarity  
Used in chilled and frozen foods, 
emulsion stabilisers and for 
encapsulation  
Cross-linking Increase stability of granules in 
high temperature, high shear and 
low pH environment 
Used as viscosity and texture 
modifiers in soups, sauces, bakery 
and dairy goods 
  
1.2 VITAMINS 
Vitamins are organic bioactive compounds designated as vital nutrients because 
they are indispensable in very small amounts in food. Vitamins are classed as 
micronutrients that humans need via the regular diet (Leśková, Kubíková, Kováčiková, 
Košická, Porubská, & Holčíková, 2006). This section provides information on some water 
soluble vitamins (ascorbic acid, thiamin and nicotinic acid) and a lipid soluble vitamin 
(tocopherol) used as small molecules in the studies of diffusional mobility reported in this 
Thesis.  
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1.2.1 Sources, roles, deficiency and requirements 
 
Vitamins are essential nutrients that are required in maintaining health, wellbeing 
and cannot be synthesised in the human body. Foods from animals and plants are the 
primary sources of vitamins for daily consumption and even though vitamins are not a 
direct source of energy, in a number of cases, their function relates to energy metabolism. 
They have specific functions to catalyse numerous biochemical reactions, promote growth 
and reproduction, and prevent disease (Lukaski, 2004). Therefore, vitamin requirements 
have been a standard for formulation and labeling in foods and supplements. Main 
sources, role and deficiency of vitamins that have been utilised in this study are presented 
in Table 1.4. 
 
Table 1.4 Sources, role and deficiency of some vitamins (adapted from Ball, 2006; Bui, 
Small, & Coad, 2013; Eitenmiller, Ye, & Landen, 2008; FAO/WHO, 2004; Lukaski, 2004 
; Ottaway, 1993; Walter, 1994) 
Vitamin Main source Role Deficiency 
Thiamin 
(vitamin B1) 
Animal products: 
-Offal (liver, kidneys, heart) 
-Fish, lean pork 
Plant products: 
-Rice, cereals, wheat bran,  
oat meal, whole grain 
cereals, cereal germs 
- Nuts, pulses, legumes, 
pistachios 
- Fortified breakfast cereals, 
some types of bread and 
Asian noodles 
Other: 
-Brewer’s yeast, vegemite 
-Fortified baking flour  
-Co-enzyme functions in 
metabolism of branched-
chain amino acids, lipids 
and carbohydrates  
-Proper function of the 
nervous system and 
muscles and 
cardiovascular system 
 
-Beri-Beri, 
-Fatigue 
-Weight loss 
-Muscle cramps 
-Weakness  
-Neurotic pain 
-Paralysis 
-Decreased 
endurance  
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Table 1.4 Sources, role and deficiency of some vitamins (cont.) 
Vitamin Main source Role Deficiency 
Ascorbic acid 
(vitamin C) 
Animal products: 
-Milk, liver (cattle), kidney 
Plant products: 
-Fruits (especially citrus 
fruits, guavas, kiwis, 
strawberries, blackcurrants) 
-Vegetables (leafy greens, 
peppers, tomatoes, lettuce, 
broccoli, sprouts) 
-Synthesis of collagen, 
metabolism of iron, 
copper, carnitine, 
tyrosine) 
-Free radical scavenger 
-Stimulates the body’s 
immune system 
-Strengthen blood vessel 
walls, healthy gum 
-Antioxidant 
-Scurvy 
hypovitaminosis 
(fatigue, loss of 
appetite and 
weight, lowered 
immunity to 
infections)  
-Muscle 
weakness, 
bleeding gums, 
easy bruising  
Niacin 
(vitamin B3) 
Animal products: 
-Offal (liver, kidneys, heart) 
-Milk, fish, pork, beef, eggs 
Plant products: 
-Cereals, nuts, pulses, beans  
-Fruits (avocados, figs, dates, 
prunes) 
- The energy supply to 
all metabolic reactions in  
the body 
- Normal growth 
-Healthy digestive tract 
and nervous system 
- Electron transport 
system 
-Pellagra with 
“three Ds” 
namely  
Diarrhoea,  
Dermatitis and  
Dementia  
Tocopherols 
(vitamin E) 
Animal products: 
-Milk, butter, eggs, fish oils 
-Fats of meat, poultry 
Plant products: 
-Vegetable oils (wheat germ, 
sunflower, safflower, canola, 
olive, cottonseed, soybean), 
cereal germs, almond, 
hazelnuts 
-Vegetables (spinach, lettuce, 
cabbage) 
-Biological antioxidant 
for lipids, proteins and 
DNA  
-Assists fertility 
-Reducing muscle 
damage 
- Enhancing recovery 
from exercise 
-Antioxidant 
-Red blood cell 
destruction 
-Long-term 
impact includes 
muscle and 
connective 
tissue diseases  
-Protein and 
energy 
malnutrition 
-Low birth 
weight babies 
 
Some of the human vitamin recommendations as reported by the Department of 
Health and Aging, National Health and Medical Research Council, Australia Government 
of Australia and New Zealand are shown in Table 1.5. 
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Table 1.5 Reference values for selected vitamins in Australia and New Zealand (2005) 
 
 
Age group & gender 
Ascorbic acid 
mg/day 
Thiamin 
mg/day 
Niacinc 
mg/day 
(niacin 
equivalents) 
α-
tocopherols 
mg/day 
(α-
tocopherold 
equivalents) 
 AI UL AI UL AI UL AI UL 
Infantsa 0-6 mo. 25 BM 0.2 NP 2 BM 4 BM 
7-12 mo. 30 B/F 0.3 NP 4 B/F 5 B/F 
 RDI ULb UL UL UL UL UL UL 
Children 1-3 yr 35 NP 0.5 NP 6 10 5 70 
4-8 yr 35 NP 0.6 NP 8 15 6 100 
Boys 9-13 yr 40 NP 0.9 NP 12 20 9 180 
14-18 yr 40 NP 1.2 NP 16 30 10 250 
Girls 9-13 yr 40 NP 0.9 NP 12 20 8 180 
14-18 yr 40 NP 1.1 NP 14 30 8 250 
Men 19-30 yr 45 NP 1.2 NP 16 35 10 300 
31-50 yr 45 NP 1.2 NP 16 35 10 300 
51-70 yr 45 NP 1.2 NP 16 35 10 300 
>70 yr 45 NP 1.2 NP 16 35 10 300 
Women 19-30 yr 45 NP 1.1 NP 14 35 7 300 
31-50 yr 45 NP 1.1 NP 14 35 7 300 
51-70 yr 45 NP 1.1 NP 14 35 7 300 
>70 yr 45 NP 1.1 NP 14 35 7 300 
Abbreviations: AI, adequate intake; BM, amount normally obtained from breast milk; B/F, 
content in breast milk and food; RDI, recommended dietary intake; NP, not possible to set may 
be insufficient evidence or no clear level for adverse effects; UL, Upper level of Intake 
Note: 
a All infant AIs are based on milk levels in healthy female and average volumes 
b Not possible to determine UL for ascorbic acid from the available data, but 1,000 mg/day 
would be an advisable limit 
c The UL for niacin is based on nicotinic acid. For supplemental nicotinamide, the UL is 900 
mg/day for both female (not pregnant) and male, and 150, 250, 500 and 750 mg/day for 1-3 yr-
olds, for 4-8 yr-olds, for 9-13 yr-olds and for 14-18 yr-olds, respectively.  There is no standard 
UL for infancy (because their intake comes from breast milk, formula or foods) or pregnancy and 
lactation  
 
 
d One α-tocopherol equivalent is proportionate to 1 mg RRRα-(or d-α-) tocopherol, 2 mg -
tocopherol, 10 mg γ tocopherol or 3 mg α-tocotrienol. The relevant value for synthetic all-
rac-α-tocopherols (dl-α-tocopherol) is 14 mg 
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1.2.2 Structure, physical characteristics and stability 
  
Each vitamin has its own distinctive structural features which relate to chemical  
and physical functions and stability. For example, the chemical structure of tocopherol 
consists of various methylated phenols that are highly non-polar dissolved in an oil-based 
medium. The free hydroxyl site in the tocopherol’s aromatic ring plays important role in 
its antioxidant properties (Fig. 1.6). Ascorbic acid has stronger antioxidant properties and 
higher polarity than tocopherol because of the two free hydroxyl groups that are readily 
oxidised by free radicals. 
In contrast, nicotinic acid and thiamin hydrochloride have no antioxidant capacity 
but they are more acidic than ascorbic acid. Both thiamin and niacin are catagorised as B-
group vitamins but the former is sensitive to alkaline conditions whilst the latter is 
chemically stable in a broad range of pH conditions. Niacin is considered as the most 
stable vitamin and the physical characteristics as well as stability of the four vitamins are 
summarised in Table 1.6. 
 
 
 
 
 
 
 
 
 
Fig. 1.6 Chemical structure of (a) L-ascorbic acid, (b) nicotinic acid, (c) thiamin 
hydrochloride, and (d) tocopherol (Sigma-Aldrich, 2014) 
(a) (b) 
(C) 
(d) 
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Table 1.6 Physical characteristics and stability of selected vitamins (adapted from Ball, 
2006; Bui, Small, & Coad, 2013; Eitenmiller, Ye, & Landen, 2008; & Ottaway, 1993; 
Teleki, Hitzfeld, & Eggersdorfer, 2013) 
Vitamin Physical characteristic Stability 
 
 
 
 
Ascorbic acid 
 
Appearance 
-White crystals 
Solubility 
-Soluble in water 
 (33 g/ml at 25°C) 
 -Less soluble in 95% ethanol  
(3.3 g/100 ml) and absolute ethanol 
 (2 g/100 ml at 25°C) 
Sensitive to: 
- Aqueous model systems at room 
temperature in the pH range of 5-7  
- The presence of Cu (II) and Fe (III) 
due to metal-catalysed oxidation  
- Light 
 (both sunlight and fluorescent light)  
- Oxygen, humidity, bases 
Stable in the presence of: 
-Weak acid (pH 3-4.5) at 20°C 
 
 
 
 
 
Thiamin 
 
Appearance 
-White or almost white crystals 
Solubility 
-Thiamin hydrochloride is soluble in 
water (1 g/ml at 25°C)  
-Thiamin mononitrate is slightly 
soluble in water 
(0.027 g/ml at 25°C) 
-Soluble in glycerol and diethylene 
glycol 
Sensitive to: 
- Sulfites and destructive minerals  
(Cu, Fe, and Hg) 
-Oxidants, heat, humidity, bases and 
radiation 
Stable in the presence of: 
- Acids (pH 2-4.5) 
- Oxygen in the absence of light  
*the most heat labile of the  
B vitamins 
 
 
 
Nicotinic acid 
 
Appearance 
-White crystals 
-Odour free 
Solubility 
-Soluble in alkali 
-Sparing soluble in water, ethanol, 
methanol, acetone, dimethylsulfoxide  
Stable in the presence of: 
- Oxygen, light, heat, acids, bases 
and oxidants 
Sensitive to: 
-Reducing agents and UV light 
* the most stable of the B vitamins 
 
 
 
 
Tocopherols 
 
Appearance 
-Liquid 
-Colour to pale yellow viscous oils 
-Nearly odourless  
Solubility  
-Soluble in most organic solvents 
(ethanol, acetone, chloroform, either) 
and vegetable oils 
Stable in the presence of: 
-Acids and reducing agents 
Sensitive to: 
 -Oxidants, light , heat , bases and  
destructive minerals (Cu, Fe, Ca and 
Mg), lipoxidase  
-Free radicals in the fat initiate  
auto-oxidation 
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Most vitamins are unstable in foods. Based upon the information in Table 1.6, loss 
of vitamins depends on the specific parameters during food processing and storage 
conditions, causing vitamin degradation, with the extent and rate of losses influenced by 
particular conditions of temperature, pH, oxygen, light, moisture, minerals, enzyme and 
length of exposure. Hence, the stability of vitamins in food products could be preserved by 
controlling chemical and physical properties (e.g. moisture content, water activity and Tg) 
particularly in reduced moisture food systems (Zhou & Roos, 2012a,b). In the non-
equilibrium and low moisture systems, dynamic changes in glass-like viscosity systems 
may be influenced by the kinetic mobility of vitamins that affects Tg, which is now to be 
described and reviewed (Maltini, Torregiani, Venir, & Bertolo, 2003). 
 
1.3 GLASS TRANSITIONS 
 
Understanding the molecular dynamics in food matrix is one of the most critical 
aspects in food science and utilises an approach adapted from synthetic polymer research. 
This segment provides an overview of glass transitions, concepts of the free volume theory 
and network Tg for high-solid biopolymers matrices, along with their measurement and 
analysis. 
 
1.3.1 Definition  
 
Glass transition is the terminology describing a phenomena observed when a glass 
is heated until the material behaves like as a supercooled melt (Le Meste, Champion, 
Roudaut, Blond, & Simatos, 2002). The process is a second order thermodynamic process 
in which the glass encounters an alteration in state rather than in phase. The nature of a 
second order time-temperature dependent transition is based on monitoring changes within 
a certain temperature range. Apart from a second-order thermal transition, this 
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phenomenon is also described as a kinetic and relaxation transition (Rahman, 2006 & 
2010). 
In the amorphous state, materials are characterised as having a random and 
disordered molecular structure. Rapid reduction of a liquid’s temperature to well below 
the equilibrium melting temperature without crystallisation preserves molecular disorder 
and allows freezing of the particles to their irregular positions for the formation of an 
amorphous material. This supercooled melt is in non-crystalline condition, which is 
detected between the glass transition and the melting point. (Champion, Le Meste, & 
Simatos, 2000; Roos, 2010). 
Materials are solid-like, rigid, brittle and fragile without fluidity in the glassy state. 
The commonly available glass is non crystalline with a regular arrangement but retains the 
disorder nature of the liquid state. This common material thus has lost its capability to 
move in a short timeframe so that glass itself can be used as a container for liquid instead 
of itself taking the shape of its container. Accordingly, other glassy materials also behave 
effectively as a solid, which can support its own weight against movement as a result of 
gravity. Supercooling a low molecular weight material will result in a process of viscosity 
increase in excess of 1013 Pas (Noel, Ring, & Whittam, 1990; Rahman, 2006 & 2010). 
As mentioned, glass transition is a reversible phenomenon over a relatively narrow 
or broad temperature range depending on a molecular weight of the constituents of the 
matrix. In cooling to temperatures below Tg, the amorphous material behaves as a solid 
that possesses a transparent arrangement typical of the glassy material. In this, molecules 
are relatively immobile, and molecular motions are constrained to rotations and vibrations, 
thus behaving in the same way as a solid material. As the temperature rises above Tg, the 
glassy material demonstrates a soft or rubbery structure and an increasing molecular 
mobility. The thermal transition between the liquid and solid-like conditions of amorphous 
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materials is very important due to their influence on food processing and food stability 
(Bell & Hageman, 1994; Buera et al, 2011; Roos, 2010). 
Clearly, the molecular arrangement of amorphous systems is different from the 
crystalline state. In the latter, the molecules are packed in a regular lattice and they posses 
a lengthy molecular order within the matrices. In the amorphous system, a single molecule 
is also compact as for the crystalline solid with a similar gap to the nearest molecule. 
However, the arrangement in the amorphous material is totally lacking long-range order 
and the crystaline characteristic. Such material can possess high-intensity of α-regions, 
which are surrounded by low-density of -regions (Liu, Bhandari, & Zhou, 2006; 
Rahman, 2010). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.7 Diagram of the changes in enthalpy and volume with temperature showing Tg1, Tg2 
and Tm with various cooling rates (Hancock & Zografi, 1997; Noel, Ring, & Whittam, 
1990) 
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Differences between amorphous solid and crystalline material structures can be 
depicted in the disparity of volume or enthalpy with temperature. Fig. 1.7 displays the 
enthalpy (H) and specific volume (V) of a solid material as a function of temperature. For 
crystalline materials, change in enthalpy and volume with respect to a very low 
temperature is negligible. In crystal construction, H and V exhibit a thermal discontinuity 
of the first-order order transition to the liquid phase at the melting temperature (Tm). 
Application of rapid cooling may cause the values of H and V to decrease along the 
equilibrium line of liquid beyond Tm into a supercooled liquid area. Further cooling 
produces a change in gradient at a specific temperature known as the Tg (Hancock & 
Zografi, 1997). 
 
 
1.3.2 The concept of free volume 
  
The concept of macromolecular free volume as a traditional glass transition theory 
is developed for the understanding of rubbery to glass transition. The approach is popular 
for elaborating the thermal and mechanical transitions correctly in synthetic polymers, 
biopolymers, and low molecular weight organic and inorganic materials. Such approach is 
applicable in diverse products, including plastic, cosmetic, drug, and food. Accordingly, 
this technique has been proposed as being universally applicable to glass forming systems 
where the differences in the free volume are not influenced by the material’s chemical 
features (Kasapis, 2008b). 
The mathematical model of free volume effect in concentrated liquids is based on 
the work by Doolittle and Doolittle (1957). They observed that the viscosity variation of 
straight chain polymer of n-alkanes over a wide temperature range could be described by 
the simple Andrade equation (1930) as follows:  
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                                                                           (1.1)    
         
where,  is the shear viscosity, T is temperature in Kelvin and A,B are constants for non-
associated compounds.  
Based on this, they advanced an alternative equation to offer a good representation 
of data that was used as a foundation for the development of a glass-transition related 
theory (Angell, 1988; Berry & Fox, 1968). 
          (1.2) 
 
The concept of free volume (uf), which shows the disparity between the total (u) 
and the occupied (uo) volumes of a polymer molecule, is used to construct Equation (1.2). 
The uo is the specific volume to which a polymer will condense without encoutering a 
phase alteration during cooling to subzero temperatures (Ward & Hadley, 1993). 
Ferry (1980) explained that the holes between long chain segments of polymers are 
the space required for their stretching that accounts for the free volume (uf). Combining 
this to the area taken by the polymer contours’ Van der Waals radii and the thermal 
pulsations of each residue (uo, the occupied volume), the total specific volume per unit 
mass of a material (u) can be determined. 
At the point of Tg, the thermal expansion coefficient of free volume (αf) 
experiences a discontinuity as seen in an alteration in slope of total volume’s line as the 
temperature increases (Fig. 1.8, Kasapis, 2008b & 2009a). 
 
 
 
 
  =   𝐴𝑒𝑥𝑝  
𝐵
𝑇
  
 =   𝐴𝑒𝑥𝑝  
𝑢𝑜
𝑢𝑓
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𝑢 𝑓 =  𝑢𝑓𝑔  +  𝑢𝑇 𝑜𝑟  𝑢 𝑓 = 𝑢𝑓𝑔  + (𝐿 − 𝐺)(𝑇 − 𝑇𝑔) 
 
 
 
 
 
 
 
 
Fig. 1.8 Schematic diagram of free volume theory (Kasapis, 2008b) 
 
In the case that the occupied volume uo is assumed to be a constant portion of the 
total volume below Tg, then a straight line can be plotted nearly parallel to the total 
specific volume (u) beneath Tg, with the disparity being a small constant portion of u. 
Beyond Tg, the expansion of uo does not agree with the overall expansion, generating an 
increasing disparity in volume that is defined as uf or free volume. At and beneath Tg, there 
is a particular small portion of of free volume ufg that is considered to be constant 
(Fig.1.8). 
The variation between the expansivity above Tg (L) and that below Tg (G) 
produces a free volume component rising with temperature (uT) as depicted in Equation 
(1.3), where T is the observation temperature.  
  (1.3) 
Equation (1.4) illustrated the total free volume as a function of temperature. The 
disparity (∆) between L and G is expressed as f, or the free volume’s thermal 
expansion coefficient.  
 
 (1.4) 
 
𝑢𝑇 = (𝐿 − 𝐺)(𝑇 − 𝑇𝑔)  
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The thermal expansion coefficient (αf  in deg
-1) of the total free volume (uf  or f) 
thus generally can be calculated the reference temperature, To, in Equation (1.5) (Slade & 
Levine, 1991).                       
 (1.5) 
 
 The fractional increase in free volume (f), i.e. the dimensionless ratio of uf/u, is 
calculated by determining the shift factor (aT), using Equation (1.2), that links two sets of 
experimental temperature data (Hutchinson, 1995): 
               (1.6) 
 
 Combining the above equation with the fractional free volume in Equation (1.5) 
gives (Arridge, 1975): 
          (1.7) 
 
 In the form of Co1 = B/2.303fo and C
o
2 = fo/αf, this is the final equation developed 
by Williams, Landel and Ferry (WLF) (1955) to predict the temperature reliance of 
viscoelasticity in the glass transition region.  
 The WLF model can be recast as follows (van der Put, 2010): 
                       (1.8) 
where the temperature T is equal to To–C
o
2 
The WLF theory is not applicable at temperatures below Tg or above Tg+100°C 
where the temperature dependent relaxation process is controlled by specific chemical 
features (Roudaut, Simatos, Champion, Contreras-Lopez, & Le Meste, 2004). Thus, the 
WLF equation is incapable of following the process of viscoelasticity at the lower 
temperature range of the glassy regime and the rubbery plateau. Mechanical characteristics 
in these regimes are better explained by the modified Arrhenius equation (Kasapis, 2000).
  
log 𝑎𝑇 =   
𝐵
2.303
 
1
𝑓
−
1
𝑓𝑜
  
 log 𝑎𝑇 =  −  
(𝐵 2.303𝑓𝑜 )(𝑇 − 𝑇𝑜)
 𝑓𝑜 𝛼𝑓  + 𝑇 − 𝑇𝑜
 
 log 𝑎𝑇 =  𝐶1 
𝑜(𝑇 − 𝑇𝑜)/(𝑇∞ − 𝑇) 
 =    𝑜 + 𝛼𝑓  (𝑇 − 𝑇𝑜) 
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                                                            (1.9) 
   
This conveys the thought of activation energy (Ea) for a slow motion of 
macromolecules in the glassy state, which is not dependant to temperature. Furthermore, 
the boundary between free volume phenomena on the glass transition domain and the 
energetic hurdle to movement in the glassy state serves as a theoretical basis for the 
estimation of the rheological/mechanical Tg of amorphous biopolymers (Kasapis, 2008a). 
Currently, the significance of glass transition effect for the better understanding of the 
structural properties of high-solid biomaterials have become extensively investigated in 
three categories of high-solid preparations, particularly, polysaccharides, starch and starch 
hydrolysates, and a range of proteins (Kasapis, 2009b). 
 
1.3.3 Measurements and analysis of a glass transition 
 
Measuring the Tg in food systems can be performed by many experimental 
techniques. Thermal and mechanical methods are classical routines that elucidate the 
molecular dynamics in regards to the glass transition of food systems. 
  
1.3.3.1 The calorimetric Tg 
Differential scanning calorimetry (DSC) is a common thermal analysis for the 
determination of Tg in food materials. The DSC measurements detect changes in 
thermodynamic characteristics particularly heat capacity, enthalpy and volume (Liu, 
Bandari, & Zhou, 2006). When a sample is heated above Tg, the transition appears as a 
change in enthalpy and volume, and this can be measured as the empirical DSC Tg or the 
calorimetric Tg (Kasapis, Al-Marhoobi, & Mitchell, 2003). Due to the manifestation of the 
glass transition over a broad temperature range, the various points on DSC thermograms 
may be reported as onset (Tgi), midpoint or peak (Tgp) and endset (Tge) temperatures of the 
log𝑎𝑇 =  
𝐸𝑎
2.303R
 
1
𝑇
−
1
𝑇o
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phenomena observed (Fig. 1.9). It has been recommended that at least two parameters be 
reported, for example the onset or midpoint and the area of the glass transition (Champion, 
Le Meste, & Simatos, 2000). The experimental parameters used should always be reported 
in detailed together with the temperature values, including heating and cooling rate, 
sample size and annealing conditions. However, calorimetric measurements have some 
disadvantages in regards to sample size and shape as well as control of moisture content. 
For products containing starch or flour, DSC is not sensitive to notice the glass transition 
because of the minute change in specific heat capacity (Rahman, 2006). 
 
 
 
 
 
 
 
 
Fig. 1.9 Typical DSC thermogram (right) and the plot of log G' or log G'' for the glass 
transition phenomenon (left) (Rahman, 2006) 
 
1.3.3.2 The rheological Tg 
Rheological or mechanical Tg is used to rationalise the mechanical properties of 
biopolymers during vitrification. The mechanical pattern in the form of small deformation 
dynamic oscillation and shear relaxation during a glass transition has been the technique 
of choice to provide estimates of Tg in matrices of single or mixed macromolecules in the 
presence of cosolutes (Kasapis & Mitchell, 2001). In dynamic oscillation techniques, 
mechanical properties, i.e. storage modulus (G') and loss modulus (G''), are investigated as 
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a function of temperature at a constant frequency of measurements. Tg determined by DSC 
and Tr from rheological techniques of measurements should not be considered as fully 
equivalent. Mechanical Tr is higher than DSC Tg due to the ability of the sample to retain 
its form (Shalaev & Kanev, 1994). In general, it could be recommended to present the Tr 
as an intersection between G' and G'' (Trc), whereas in DSC measurements the onset (Tgi), 
midpoint or peak (Tgp) and endset (Tge) are the parameters which describe Tg. 
Amorphous materials exhibit many primary relaxations subjected to an external 
small deformation dynamic oscillation. The main relaxation related to the rheological 
glass transition between the glass transition and glassy state is called α-relaxation 
(Kasapis, Al-Marhoobi, & Sworn, 2001). Such relaxation can be observed as a dramatic 
decrease in modulus for both storage and to some extent loss modulus with increasing 
temperature. The frequency or temperature of the α-relaxation is generally obtained from 
the ratio of G'' to G', or known as the loss factor (tan ). The maximum of the tan  value 
is a more appropriate approach for the determination of the Tg with physical significance 
than from DSC analyses (Champion, Le Meste, & Simatos, 2000; Liu, Bandari, & Zhou; 
2006; Roos, 2010). 
 
1.3.4 The master curve of amorphous biopolymers 
 
The viscoelastic spectrum of the master curve for high-solid biopolymers is 
categorised into four temperature regions as described by Kasapis (2004 & 2009a) and 
shown in Fig. 1.10. 
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Fig. 1.10 Master curve for the dynamic mechanical oscillation describing the relaxation, 
rubbery, glass transition, and glassy states with decreasing temperature (Kasapis, 2009a) 
 
In region I or the relaxation zone, very high experimental temperatures prmote 
complete energy dissipation and polymer chain relaxation resulting in negligible values of 
storage modulus in shear. Rapid cooling the high-solid biopolymers accelerates an 
increase in both G' and G'' (terminal zone: part I), respectively, and ultimately the 
viscoelastic parameters enters the plateau zone, where the values of tan  is approximately 
1. In dilute protein or polysaccharide solutions and condensed peparations of cosolute the 
molecular flow is predominant which corresponds with G''> G'. 
In region II or the rubbery zone, the elastic component remains unchanged while 
the viscous counterpart goes through a minimum due to more polymeric segments of the 
network structure supporting the applied stress. Flow is not observed in this region as for 
the relaxation time zone. Samples of rubbery gels at room temperature produce elastic 
networks of stable physical associations, as indicated by the greater values of G' compared 
to G''. 
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Region III refers to the glass transition region where the long-range movement of 
the polymer main chain is restricted because of elasticity, however, local relaxation events 
that deplete energy can occur. In the absence of crystallisation, cooling of rubbery food 
stuffs ushers in this region where the liquid-like behaviour again becomes dominant (G''> 
G'). 
In region IV or glassy state, the storage modulus cross over the viscous counterpart 
for a third time (tan  = 1) at the end of temperature of measurement. Thus the system 
comes into the glassy zone where the rates of chemical and enzymatic reactions as well as 
microbial growth decelerate substantially. 
 
1.3.5 The network Tg 
 
High-solid foods comprised primarily of mixtures of protein, starch, as well as 
non-starch polysaccharides are (e.g. carrageenan, pectin) in the presence of cosolutes. 
Confectionery products may be considered as an example and gelatin has been the most 
frequently used structuring agent in these products for almost a century. However the 
ingredient has been increasingly causing concern for consumers and producers in relation 
to the need to circumvent its use in the diet, reflecting certain health issues or perceptions, 
including the bovine spongiform encephalopathy (mad cow disease), vegetarianism and 
religious dietary guidelines and restrictions (e.g. Muslim and Hindu). For these reasons, 
there is a motivation to understand the behaviour of polysaccharides combined with high 
amounts of sugar or sugar replacers as cosolute since this class of biopolymers may be 
used as vegetarian substitutes for gelatin (Kasapis, 2008b). 
In systems of biopolymer/cosolute with pertinence to confectionery goods, 
formulations include gelling polysaccharides at levels less than 2% with high sugar 
concentrations of up to 90% (Kasapis, 2012). Many high sugar confectionery products 
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contain 10-25% moisture providing prolonged shelf life of such products. High sugar 
confectionery products contain gelling biopolymers where the scientific approach 
underlying the behaviour of food polymers is particularly relevant (Kasapis, Mitchell, 
Abeysekera, & MacNaughtan, 2004). Partial replacement of sugar with high molecular 
weight carbohydrates that are considered to be dietary fibre (e.g. pectins or polydextrose) 
can create formulations with a low glycaemic index, which is in the consumers interest 
hence increase greatly market value. Furthermore, fundamental understanding on the 
structure and functionality of food hydrocolloids acting as potential sugar analogues has a 
profound effect on consumer acceptance and food palatability (Fumani, 2011). 
Research in the multifarious state transitions of biological glasses and food-related 
applications has been originated from the sophisticated synthetic-polymer methodology 
and includes the theoretical concept of the network glass transition temperature. This has 
been fostered using dynamic mechanical techniques and a combined framework of the 
WLF/free volume theory and the modified Arrhenius equation (Kasapis, 2004; Kasapis, 
2006b). Biological molecules are complex blends of biopolymers, small polyhydric 
compounds (e.g. sugars and glucose syrup) and water as solvent, thus, requiring critical 
consideration when evaluating their mechanical characteristics (Kasapis, Al-Marhoobi, & 
Mitchell, 2003). Small deformation dynamic shear oscillation has been the technique of 
choice in the characterisation of the rheological Tg (Kasapis & Mitchell, 2001). 
The approach of small deformation dynamic oscillation is carried out to study the 
vitrification properties of biopolymer structure. In doing so, mechanical spectra of 
complex modulus have been obtained at specific temperature intervals (3-5 degree) and 
superimposed along of the log frequency axis. This is the time-temperature superposition 
(TTS) principle, which utilises lateral shifts of isothermal oscillatory frequency data to 
generate logarithmic shift factors (log aT) in order to produce a typical master curve of 
viscoelasticity (Nickerson, Paulson, & Speers, 2004). As discussed, four zones of 
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viscoelastic behavior are generated from the master curve, and then the combined 
framework of WLF and modified Arrhenius equations (or the Andrade equation) are used 
to indicate the rheological/network Tg. The network Tg is defined as the combination od 
two different process, i.e. free volume phenomena in the glass transition zone and the 
projections of the reaction-rate in the glassy condition (Kasapis & Mitchell, 2001). 
The rheological properties of high-solid biopolymers (73-99%) have been 
examined with a view to evaluate whether the network-forming capability of 
macromolecules had an effect on the network Tg. Thus, structural properties of high-solid 
systems (more than 78% (w/w) solid content) comprising high-methoxy pectin with 
cosolute were monitored at subzero temperatures. Experimental observations reveal that 
systems formed a rubbery structure which was readily transformed into a glassy 
consistency. That was further confirmed with theoretical modelling based on the TTS 
principle (Al-Ruqaie, Kasapis, & Abeysakera, 1997). 
Furthermore, the rheological Tg was higher due to the addition of small quantities 
of gelling biopolymer (less than 2% in the formulation) to glucose syrup within the total 
solid content between 73% and 85%. For example, the presence of 1% pectin enhanced 
the gelation, formation of a hydrated network, and acceleration of vitrification in the 
system (Al-Amri, Al-Adawi, Al-Marhoobi, & Kasapis, 2005; Kasapis, 2008b). Addition 
of 0.7% -carrageenan to a system of 93% solids also increased the values of Tg, which 
were dictated by the biopolymer in the mixture. Therefore, a high level of cosolute in the 
polysaccharide network reduces the ability for progression of intermolecular forces and a 
three-dimensional structure formation (Deszczynski, Kasapis, MacNaughton, & Mitchell, 
2002). This further confirms that the network formation in condensed sugar/biopolymer 
systems, as followed by the determination of rheological Tg, is a macromolecular process 
based on the interactions between the polysaccharides and sugar. 
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Apart from glassy carbohydrate matrices, proteins are of interest in relation to 
structure and network formation (Kasapis, 2001a,b). This relates, for example, to 
condensed whey protein systems (80% w/w total solids), which were under pressurisation 
at 600 MPa, at 22°C for 15 min. This process of compression retarded the movement of 
polypeptide chains in addition to dehydration resulting in the formation of pressured-
treated networks in the native arrangement when compared to the conventional thermal 
treatment at 85°C for 20 min which, however, exhibited glassy consistency (Dissanayake, 
Kasapis, Chaudhary, Adhikari, Palmer, & Meurer, 2012). 
Literature reveals that there is a range of factors which affect the network Tg,, 
including the level of total solids, complexity of gelling polysaccharide/cosolute systems, 
molecular weight of biopolymers and the presence of plasticisers, as well as the 
application of pressure and temperature. The summary of Tg estimates from a literature 
review on high-solid food polymer systems is presented in Table 1.7. 
 
Table 1.7 Literature values for the network Tg for various high-solid foodpolymer matrices 
Matrix 
Total 
solids (%) 
Network 
Tg  (°C) 
Calorimetric 
Tg (°C) 
Reference 
25% gelatin+30% sucrose 
+15% glucose syrup 
(1) Mn 
a
 = 29,200 Da 
(2) Mn = 39,800 Da 
(3) Mn = 55,800 Da 
(4) Mn = 68,000 Da 
 
 
 
80 
 
 
-25 
-22 
-15 
-2 
 
 
 
- 
Kasapis, 
Al-Marhoobi & 
Mitchell (2003) 
1.5% agarose + 7% gelatin+ 
66.5% glucose syrupb 
 
75 
 
-38 
 
- 
Sharma et al, 
(2011) 
(1) 0.5% κ-carrageenan + 
     79.5% glucose syrup 
(2) 80% glucose syrup 
 
80 
-34 
 
-46 
-46 
 
-46 
Jiang & Kasapis 
(2011) 
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Table 1.7 Literature values for the network Tg for various high-solid food polymer 
matrices (cont.) 
Matrix 
Total 
solids (%) 
Network 
Tg  (°C) 
Calorimetric 
Tg (°C) 
Reference 
(1) 2% high-methoxy pectin 
+c 78% glucose syrup 
(2) 2% high-methoxy pectin 
+ 78% polydextrose  
 
 
80 
-34 
 
-22 
 
-48 
 
-42 
Almrhag et al, 
2012a 
(1) 1.5% agarose+ 
      78.5% polydextrose 
(2) 15% gelatin 
      65% polydextrose 
(3) 80% polydextrose 
 
 
80 
-27 
 
-22 
 
-30 
-43 
 
-45 
 
-45 
Almrhag et al, 
2012b, 2013 
1.5% agarose +7.5% gelatin+ 
71.5% polydextrose 
 
80.5 
 
-23 
 
-45 
Almrhag et al, 
2012c 
(1) 1% deacylated gellan + 
      79% polydextrose 
(2) 80% polydextrose 
 
80 
-28 
 
-30 
-45 
 
-45 
Chaudhary et al, 
2013a 
(1) 2% deacylated gellan + 
     85% polydextrose 
(2) 85% polydextrose 
 
85 
 
-14 
 
-20 
-38 
 
-38 
Chaudhary et al, 
2013b 
Whey protein isolate  
(1) atmospheric conditions 
(2) pressurised 
 
80 
 
-10 
-12 
 
- 
- 
Dissanayake 
 et al,2012 
Immunoglobulins 
(1) atmospheric conditions 
(2) pressurised 
 
80 
 
-23 
-26 
 
- 
George et al, 
2013a 
15% whey protein isolate+ 
65% glucose syrup 
 
80 
 
+1 
 
-47 
George et al, 
2013b 
Bovine serum albumin 
(1) atmospheric conditions 
(2) pressurised 
 
80 
 
12 
-53 
 
- 
- 
Savadkoohi et al, 
2014 
Note: 
a Mn is the molecular weight of gelatin. 
b Glucose syrup had DE 42. 
c High-methoxy pectin had DE 70.3%, 81.1% galacturonate, 92.0% polysaccharide content. 
d High-pressure at 600 MPa for 15 min 
e The ratio of whey protein isolate and lactose was 4:1 
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1.4 RELEASE KINETICS 
 
Development of controlled release systems enables food scientists to encapsulate, 
protect and release bioactive compounds including flavor, antioxidants or micronutrients 
for particular purposes (Jones & MacClements, 2010). To understand the release 
characteristics, this review provides the mechanism of kinetic release in regards to the 
glass transition, mathematical modelling of diffusion, and prevalent rate law. Last, the 
applications of high-solid food systems regarding stability, delivery and controlled release 
for functional food applications are discussed. 
 
1.4.1 The mechanism of release in relation to a glass transition 
 
Bioactive compounds can be loaded into polymer matrices using two different 
methods which are post loading and in situ loading. In the post loading technique, a bio-
matrix is formed followed by absorption of the bioactive compound to the matrix. For in 
situ loading, a bioactive compound is introduced to a biopolymer matrix at the 
commencement of the sample preparation stage, and the matrix subsequently forms a 
network  
The release mechanism is governed by the composition of the matrix, the type of 
polymer and bioactive compound, preparation techniques, environmental conditions of 
bioactive compound release as well as geometry (size and shape). One or more of the 
following physical and chemical phenomena might be involved in the bioactive compound 
release kinetics. However, these events concern only the bioactive compound diffusion in 
the model system, not within the living entities. Release will take place as follows 
(Siepmann & Siepmann, 2008): 
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(i) Wetting of the matrix surface with the release medium (water or solvents). 
(ii) Penetration of the release medium into the matrix (e.g. via holes and/or through 
uninterrupted polymeric networks). 
(iii) Phase transitions of polymers (e.g. glassy-to-rubbery transition). 
(iv) Bioactive compound dissolution and convection that drives the compound 
release because of the considerable hydrostatic pressure generated within the matrix. 
(v) Diffusion of the bioactive compound out of the delivery device controlled by 
time-and/or position dependent diffusion coefficients. 
(vi) Diffusion of bioactive compounds through the unstirred liquid layer 
surrounding the matrix. 
It is known that the mechanism of bioactive compound release is related to a state-
transition from the glass to rubbery condition in high-solid biopolymer matrices. In the 
glassy state, bioactive molecules remain immobile, while under the conditions of the 
rubbery state the bioactive molecules rapidly diffuse to the surrounding phase through a 
layer of polymer. In this process, released bioactive compound molecules come in contact 
with the external layer of the matrix. With time, the following two phenomena take place: 
there is a decrease in concentration gradient of the bioactive molecule (the driving force of 
diffusion) and also release rate due to the relatively long distance of bioactive compound 
transport from interior to the exterior of the matrix (Zarzycki, Modrzejewska, & 
Nawrotek, 2010). 
 
1.4.2 Theoretical modelling of diffusion kinetics 
 
 For a biopolymer model in which the bioactive compound is homogeneously 
spread throughout the polymeric matrix, unsteady-state solute (bioactive) compound 
diffusion in a slap-shaped matrix (one-dimension) can be explained by Fick’s second law 
(Favre & Girard, 2001; Busk & Labuza, 1979): 
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           (1.8) 
 
where, C is the level of solute’s variation in the flat sample, t is release time, X is the 
distance, D is the diffusion coefficient (assumed to be constant at equilibrium). 
 Equation (1.8) can be integrated under the above hypothesis/limitations to plot the 
relative solute mass release vs the square root of time: 
 
                 (1.9) 
where, Mt  is the quantity of solute discharged at any time, Mα is the initial solute loading 
in the biopolymer matrix. 
Various diffusion mathematical concepts have been constructed to describe aspects 
of kinetic release applied to food and drug delivery designs (Bayarri, Rivas, Costell, & 
Durán, 2001; Lesmes & McClements, 2009; Pothakamury & Barbosa Cánovas, 1995; 
Ritger & Peppas, 1987; Siepmann & Siepmann, 2008a,b; Vergnaud, 1991). Some of these 
theoretical approaches are shown in Table 1.8. 
In this Thesis, the diffusion study has been carried out under conditions whereby 
when the high-solid biopolymer matrix undergoes a glass-to-rubbery transition. As 
discussed, the polymer chains in the rubbery region are more mobile than those in the the 
glassy zone, thus, facilitating the bioactive compounds to be released from the matrix 
rapidly. According to Equation (1.10), a linear relationship is obtained for the first part of 
the curve (typically for Mt/Mα  0.5 in a thin polymer film). The power n is determined 
from the gradient of the diffusion fraction vs time in ln-ln plot. Precision values of around 
5% are reported to be achievable with experimental data based on this strategy (Favre & 
Girard, 2001). When n is equal to 0.5 the compound is said to diffuse with simple Fickian 
diffusion whereas if the value is in the range of 0.5 and 1.0, Non-Fickian or anomalous 
𝜕𝐶
𝜕𝑡
=   𝐷
𝜕2𝐶
𝜕𝑋2
 
𝑀𝑡
𝑀𝛼
 = 𝑓( 𝑡) 
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∞
𝑛=𝑜
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𝑀𝑡
𝑀∞
 =    
4
𝐿
  
𝐷𝑒𝑓𝑓 𝑡
𝜋
 
0.5
 
transport is obtained (Mártinez-Ruvalcuba, Sánchez-Díaz, Becerra, Cruz-Barba, & 
González-Álvarez, 2009). 
  
Table 1.8 Theoretical modelling to describe the aspects of diffusion in food and 
pharmaceutical systems 
Model Term and limitation Equation 
 ka and n are the system 
constant parameters 
depending on the polymer-
penetrant-bioactive 
compound interactions 
 
(1.10) 
  
Flat infinite matrices 
dissolved in an infinite 
well-agitated medium 
 
(1.11) 
 Short time diffusion 
studied in the flat infinite 
source and Mt /M < 0.6 
 
(1.12) 
 
 
 
Finite spherical source and 
well-mixed infinite sink  
 
(1.13) 
 Short time diffusion 
studied in the cylindrical 
probe and Mt /M < 0.5 
 
(1.14) 
Note: 
Deff is the effective diffusion coefficient of the bioactive component through the boundary 
Ka is the mass transfer coefficient 
Mt is the quantity of bioactive compound diffused during t (time) 
M  is the quantity of bioactive compound diffused at infinite time (partially equivalent to the 
initial bioactive addition) 
L is the thickness of the flat matrix or length of cylinder 
R is the radius of the sphere or cylinder 
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 Fundamental reaction rates have been used to describe the diffusion rate of 
bioactive compounds in model systems. Thus, the literature so far describes the diffusion 
or gain of chemical compounds (e.g. vitamins, minerals, and antioxidants) in regards to 
zero, first or higher kinetic reactions (Corradini & Peleg, 2006; Labuza, 1984; Labuza & 
Riboh, 1982; van Boekel, 2008), which are given by the following equation:  
                    (1.15) 
 
where C(t) is the temporary concentration of the bioactive compound, k(T) is the pseudo 
rate constant, which is  temperature dependent, or slope of the curve within the appropriate 
extent of the reaction vs time, and m is the power that specifics the reaction order (a curve-
fitting parameter). 
 Equation (1.15) can also be advanced in the following form: 
                               (1.16)  
   
For isothermal predicaments (T = constant), both sides of the equation can be 
combined to construct the recognizable function: 
For zero order reaction (m=0): 
         (1.17) 
and for first order reaction (m=1) : 
         (1.18) 
 
or                                                 (1.19)
    
For zero order reactions, the plot of the extent of reaction (y-axis) against time (x-
axis) is linear in Cartesian coordinates. For a first-order reaction, it is a straight line on a 
semilog plot of the extent of reaction vs time. It is possible to determine other orders if the 
𝑑𝐶 𝑡 
𝑑𝑡
 =   𝑘 𝑇 𝐶 𝑡 𝑚  
𝑑𝐶 𝑡 
𝑑 𝑡 𝑚
 =   𝑘 𝑇 𝑑𝑡 
𝐶 𝑡  =    𝐶𝑜 + 𝑘 𝑇  
𝑙𝑛
 𝐶 𝑡 
𝐶0
 =  +𝑘𝑡 
𝐶  𝑡 =  𝐶𝑜exp +𝑘 𝑇 𝑡   
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mechanism is known and the experimental procedure is very precise (Labuza, 1984). 
Generally, effects of factors including viscosity of the reacting phase and changes in 
concentration are impossible to determine in a dynamic food system and are included in 
the magnitude of the measured rate constant (Labuza & Riboh, 1982). 
The prevailing effect of food temperature in relation to the reaction rate has been 
considered as the critical factor affecting food stability and food quality. One of the most 
refereed models in this respect is that of Arrhenius in which the temperature effect is 
incorporated into an exponential theoretical model. The Arrhenius law was derived from 
thermodynamic laws of statistical mechanical properties. This relation is the most widely 
used and has shown to be very useful in chemical kinetics. The model relates the reaction 
rate constant (k) to temperature (K), as follows (Sablani, Dalta, Rahman, Qaboos, & 
Majumdar, 2006): 
                    (1.20) 
 
where k is the experimental observation at different temperatures, A is the Arrhenius 
equation constant or pre-exponential factor, Ea is the energy of activation (or extra energy) 
required to initiate a reaction, R is the universal gas constant (1.9872 cal/(mol K) or 
8.3144 J/(mol K), T is the absolute temperature in Kelvin. 
This equation points out that a graph of ln k vs the inverse of absolute temperature 
gives a linear line which its gradient is the activation energy over the gas constant (R) 
(Labuza & Riboh, 1982). The linearised form is given thus: 
                      (1.21) 
 
The activation energy can be described as the minimum energy hurdle that 
molecules need to overcome with increasing temperature for the reaction to occur. The 
physical meaning of A in Equation (1.20) is that it refers to the rate constant at which all 
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molecules posses sufficient energy to react (van Boekel, 2008). The value of Ea is a certain 
value of the temperature sensitivity of the particular reaction, i.e. the Ea rates should 
increase with an increase in temperature. 
The activation energy of a chemical reaction can be resolved by calculating the rate 
constant at two different temperatures: 
                                                        (1.22) 
 
To predict the influence of temperature on the reaction rate for a particular 
isothermal decay, values of k are evaluated at different temperatures, and ln k is 
constructed vs ((1/T)-(1/Tref)). A linear line is obtained with a gradient of –Ea/R on a 
semilog graph, and then the activation energy is calculated (Sablani, Dalta, Rahman, 
Qaboos, & Majumdar, 2006). 
 
1.4.3 Applications of high-solid matrices on stability, delivery and controlled release for 
functional foods 
 
Functional foods are foods or ingredients that serve special physiological benefits 
apart from their nutritional aspect (International Life Sciences Institute, 1999). 
Regardsless of their definition, these products have found wide interest in commercial, 
academic and government sectors (Jones & Jew, 2007). In order to respond to consumer 
demand for healthful foods, design of new and reformulation of existing food products are 
the key roles to enhance nutrition and obtain desirable health effects (Turgeon & Rioux, 
2011). In this regard, incorporating bioactive components into food systems is crucial for 
the delivery of bioactive nutrients and functional food components (Day, Seymour, Pitts, 
Konczak, & Lundin, 2009). 
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It is known that the stability and shelf life of food matrices can be affected during 
prolonged storage. The concept of Tg from state diagrams represents a design of change in 
the consistency of the matrices as a function of increasing level of total solids that makes it 
relevant in shelf-life investigations (Salbani, Kasapis, & Rahman, 2007). Products become 
self-stable when stored below Tg  due to a reduction in microbial growth and rates of 
chemical reactions. Therefore, the concept of glass transition is significant in controlling 
the molecular mobility and decelerating chemical reactions (Karel, Anglea, Buera, 
Karmas, Levi, & Roos, 1994; Roos, 1995). The stability of micronutrients (in particular 
vitamins) in low moisture polymer matrices was analysed depended on the glass transition 
concept, and it was found that factors including the types of cosolute in the matrix, water 
content and temperature affect the Tg and are crucial in food stability (Rahman, 2006). 
Storage of foods below Tg or increasing Tg in novel formulations of food enhances 
storage stability by retaining the unfrozen part (e.g. unfrozen water) in the glassy 
consistency. The solvent in the concentrated phase gets kinetically immobilised and hence 
does not involve in chemical reactions, thereby enhancing the stability of unfrozen foods. 
In this matter, polysaccharides (carrageenan and dextran) have been used in frozen dessert 
products to delay growth of ice crystals in stabilised ice cream and increase the viscosity 
of the unfrozen part (Golf, 1992 &1994).  
Microencapsulation is the creation of high-solid glassy matrices with a stable 
medium and controlled release of bioactive ingredients. The barrier capsule is created to 
avoid chemical and biological reactions. To control the stability, several principles can be 
utilised including viscosity and Tg in the entrapped amorphous phase leading to a 
reduction in the effective diffusivity of water and bioactive compounds (Labuza & 
Hyman, 1998). In the food industry, such technique is employed to maximize the retention 
of bioactivity from constituents throughout processing and storage of the formulated 
products (Wilson & Shah, 2007). Microencapsulation can be used to prevent degradation 
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and protect against oxidation of nutrients (vitamins and specific fatty acids) (Ottley, 2000; 
Shen, Apriani, Weerakody, Sanguansri, & Augustin, 2011). Table 1.9 shows a mini 
literature review on the applications of spray drying and freeze drying in vitamin 
encapsulation. 
Microencapsulation is the most familiar controlled-release technique in the food 
industry to deliver the desired bioactive components (vitamins, minerals, amino acids) to 
the target site of the body (Wilson & Shah, 2007). Controlled-release could be described 
as a delivery method by which one or more active components are made available at a 
desired site at a particular rate (Pothakamury & Barbosa-Cánovas, 1995). The advantage 
of controlled release is that it occurs over prolonged periods of time at specific rates from 
the high-solid food matrices. Ingredients should be released from coated particles, 
capsules, tablets or gel-like substances, liquified in the appropriate amount of digester (for 
example water), and consequently absorbed in the human body (Parada & Aguilera, 
2007). Once the component has been released, the proportion that has been absorbed and 
actually reached the systemic circulation represents its bioavilability. Some components 
will pass through the digestive tract without being digested, absorbed and are then 
eliminated. To meet the bioavailability requirements, bioactive compounds should be 
studied both in vitro and within the human body (Granado-Lorencio, Donoso-Novarro, 
Sánchez-Siles, Blanco-Navarro, & Pérez-Sacristán, 2011; Turgeon & Rioux, 2011). Table 
1.9 shows a mini literature review on the applications of spray drying and freeze drying in 
vitamin encapsulation. 
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Table 1.9 Compilation of information on vitamin encapsulation  
Vitamin 
Loading 
technique 
Carrier 
Total 
solids 
(%) 
Calorimetic 
Tg 
Reference 
Ascorbic acid Spray dried 
capsules 
 
Purple sweet potato 
flour+maltodextrin 
 
89.0 
 
10-29 a 
 
Ahmed, 
Akter, Lee, 
& Eun 
(2010) 
Ascorbic acid Spray dried 
capsules 
Gum arabic+ 
maltodextrin 
90.0 
 
39-62 a 
 
Righetto & 
Netto 
(2006) 
Ascorbic acid Spray dried 
capsules 
 
Modified starches 
(maize, potato, rice) 
 
97.9-98.5 
 
85-125 b 
 
Palma-
Rodriguez  
et al (2013) 
Ascorbic acid Spray dried 
capsules 
 
Milk solid+ 
wheat flour 
 
80.7-95.2 
 
3.6-27 a 
 
Sablani, 
Al-Belushi,  
Al-
Marhubi, 
& 
Al-
Marhubi, 
(2007) 
Ascorbic acid 
Thiamin 
Freeze 
dried 
capsules 
Lactose, trehalose 97.5-98.0 99-106 b Zhou & 
Roos 
(2012a) 
α-tocopherol Freeze 
dried 
capsules 
Lactose, trehalose 
milk protein isolate 
soy protein isolate 
96.3-96.5 101-116 b Zhou & 
Roos 
(2012b) 
Thiamin Freeze 
dried 
capsules 
Polyvinyl 
pyrolidones (PVP) 
82.3-96.3 
 
51-104 b 
 
Bell & 
White 
(2012) 
Note: 
a Midpoint temperature 
b Onset temperature 
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 Design of food-grade delivery systems has found wide application in the food 
industry, which can draw extensively from the medical field (Lesmes & McClements, 
2009; van de Velde & Kiekens, 2002). Such systems have been selected to facilitate the 
introduction of active components in foods including bioactive lipids, vitamins, minerals, 
enzymes, peptides and dietary fibre (Jones & McClements, 2010). For example, 
encapsulation is the approach of choice to deliver the functionality of active ingredients in 
complex food matrices utilising carbohydrates, lipids, biopolymer complexes and 
surfactants (Ubbink, Burbidge, & Mezzenga, 2008). The functionality of encapsulated 
systems is governed by the wall material that can reduce molecular mobility and rates of 
reactions. It should be mentioned that absorption of water in the system leads to a 
plasticisation effect and additional free volume resulting in a changing diffusion front 
during ingredient release (Ubbink & Krüger, 2006). 
 Colloidal matrices used in the food industry are produced from either globular 
proteins alone or protein/polysaccharide mixture. The common food-grade 
polysaccharides for assembling biopolymer colloid particles are pectin, carrageenan, 
chitosan, xanthan gum, methyl cellulose, inulin and alginate (Jones & McClements, 2010). 
In a gel or solid emulsion, the dispersed phase is in mesoscale and is created artificially 
via food processing (van der Sman & van der Goot, 2009). The structure of an elastic and 
chewable product that provides oral indulgence owning to its rubbery texture and sweet 
taste is highly important for young consumers (Day, Seymour, Pitts, Konczak, & Lundin, 
2009). The interest in this type of functional food technology includes the development of 
a hydrocolloid cellular solid as a food ingredient carrier. Production of a dried, chewable 
and textured product with a low moisture content, in order to limit undesirable chemical 
reactions, inhibit microbial growth and preserve bioactive compounds is highly desirable 
(Nussinovitch, 2005; Schmidl, 1993). 
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1.5  SUMMARY OF CURRENT KNOWLEDGE 
 
Based on the aspects reviewed in this chapter, we feel it is a tendency that the 
concept of glass transition is relevant to a variety of amorphous food polymers particularly 
in high-solid concentrations. It has been recognised that the slow motion of molecules in 
the glassy state of biological molecules is a crucial consideration for the delivery of 
bioactive compounds. This physical delivery approach is the basis of systematic 
understanding of hydrocolloids as bioactive compound carriers in the development of 
food-grade controlled release systems. Fundamental research in addressing the concept of 
network Tg as a molecular factor in high-solid hydrocolloid matrices produces a series of 
fundamental values for vitamin diffusion control. This can lead to micronutrient stability 
required in a variety of food formulations with industrial interest. 
 
1.6  RATIONALE FOR THE RESEARCH 
 
This PhD research impacts the field on fundamental and technological grounds in 
the following issues: 
1.6.1 The Asia-Pacific Vitamins (Nutraceuticals) market is forecast to increase 7% 
in the period 2014 to 2019 with the driving factors being consumer awareness of their 
health and nutrition including the rise in purchasing power for functional products 
(Research & Markets 2015). Therefore, fundamental research is an initial and potential 
stage to develop novel food products containing health-promoting ingredients. 
1.6.2 Delivery of vitamins and other nutraceuticals in processed and functional 
foods should be based on structural design, process optimisation and bio-functionality 
(McClements, Decker, Park, & Weiss, 2009). Using food architecture rationalised from 
biopolymer science has the potential to achieve encapsulation, protection, biological 
function and controlled release.  
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1.6.3 Based upon the recent literature it can be proposed that molecular dynamics 
of biopolymers at the vicinity of the mechanical Tg may explain diffusional control in 
substrate/enzyme interactions (Chaudhary, Small, Shanks, & Kasapis, 2014) and limit 
mobility of bioactive compounds (Jiang & Kasapis, 2011). It is challenging to broaden this 
into the physical release of vitamin in condensed food systems, which might become 
commercially available in the form of viscoelastic gels, tablets and microcapsules. 
1.6.4 It is critical to implement the concept of controlled release in micronutrient 
delivery and bridge the gap between vitamin diffusional kinetics and macromolecular 
dynamics of common food polymers in condensed systems. Understanding the molecular 
structure-function relationship will elucidate the influence of hydrocolloids on control of 
nutrient diffusion for enhanced biofunctionality.  
1.6.5 Biomacromolecules have structural complexity and specific free volume that 
lie beyond synthetic polymer considerations. This research in this field has to take into 
account the specific nature of the biomaterials, the quantity and kind of organic solvent 
and cosolute, and the effect of thermal processing to generate embodiments, which are 
edible and acceptable to consume. 
 
1.7 RESEARCH HYPOTHESIS AND PRIMARY RESEARCH QUESTIONS 
 
This research has been based upon the hypothesis that there might be a quantitative 
relationship between fraction free volume of high-solid hydrocolloid matrices undergoing 
glassy dynamics and vitamin diffusional mobility, i.e. a means of physical delivery control 
of bioactivity via Tg. 
There are four research questions developed for this fundamental research.  
(i) What are viscoelastic characteristics and Tg of high-solid hydrocolloid matrices 
undergoing a rubber-to-glass transition? 
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(ii) What are the diffusional patterns for vitamins entrapped in high-solid 
hydrocolloid matrices? 
(iii) How does the release mechanism describe vitamin diffusion for those 
entrapped in high-solid hydrocolloid matrices?  
(iv) How does the free volume theory explain diffusivity of vitamins in relation to 
glassy dynamics of high-solid hydrocolloid matrices? 
 
1.8  RESEARCH OBJECTIVES 
 
To answer the above research questions, the following operational objectives have 
been underlined according to the research plan and methodology: 
(i) Investigate the viscoelasticity of high-solid hydrocolloid matrices as a function 
of temperature (frequency) and predict the Tg using a synthetic polymer approach 
(ii) Probe the diffusion kinetics of vitamins on time and temperature using the 
chemical reaction pathway  
(iii) Implement the concept of shift factors and empirical models to examine 
molecular mobility  
(iv) Relate the diffusion coefficients of vitamins to the fractional free volume of 
biopolymer matrices as a function of temperature  
(v) Investigate whether there is a qualitative relationship in the interplay between 
vitamin diffusional mobility and fractional free volume 
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1.9  BROAD RESEARCH PLAN 
 
According to this framework of experimental Chapters 3-6, four essential bioactive 
compounds (ascorbic acid, thiamin, nicotinic acid and tocopheryl acetate) and four 
different high-solid hydrocolloid systems were utilised to underpin the hypotheses of this 
work. The hydrocolloids studies comprised two common polysaccharides for the food and 
drug industries (high-methoxy pectin and κ-carrageenan), as well as whey protein isolate 
and modified waxy maize starch commonly used in microencapsulation. In each case, the 
experimental approach in Chapter 2 involved preparation and chracterisation of the 
structural, rheological, thermal, FTIR, X-ray diffraction and microscopy characteristics of 
the high-solid carbohydrate and protein systems in the form of hydrocolloid gels and 
spray-dried microcapsules. In addition, vitrification phenomena in high-solid 
macromolecules and diffusion kinetics of vitamins have been investigated using 
theoretical modelling based on the glass transition concept and the projections of the 
reaction rate. In Chapter 7, vitamin mobility in condensed hydrocolloid systems was 
elucidated via diffusion kinetics that unveil a congruent picture in the development of 
fractional free volume in polymer matrices and diffusional mobility of microconstituent in 
the blend. 
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CHAPTER 2 
MATERIALS AND METHODS 
 
ABSTRACT 
 
This chapter describes materials (food biopolymers, vitamins, solvents, and 
reagents), methods, instrumentation and equipment used in this research. In addition, the 
theories behind the analytical methods have been overviewed in this part of the Thesis. 
Theoretical and practical approaches for the measurements of Tg by calorimetric and 
rheological methods are provided. Experimental procedures that have been utilised in this 
study to analyse physical and chemical characteristics of biopolymers and their mixtures 
are also introduced and those include Fourier transform infrared spectroscopy, wide-angle 
X-ray diffraction, SEM, particle size measurements and UV/Vis spectroscopy. Among the 
experimental protocols overviewed in this chapter are molecular dynamics of 
biopolymers, structural characterisation of vitamin carriers, and kinetic studies of vitamin 
diffusion. 
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2.1 PRINCIPLES 
 
 This part provides an overview focusing on the evaluation of macromolecular 
properties and glass transition of high-solid biopolymer matrices. The spectrophotometry 
is used to investigate the release kinetics of bioactive compounds. Some analytical 
routines are introduced in order to characterise the release systems. 
 
2.1.1 Food rheology 
 
             The technical term rheology involves the study of deformation and flow behaviour 
of matter having properties in those of between solids and fluids (viscoelastic materials). 
Furthermore, rheology defines the relationships between the force or stress and the 
deformation of materials (Barbosa-Cánovas, Kokini, Ma, & Ibarz, 1996; Tabilo-
Munizaga, & Barbosa-Cánovas, 2005). In the food industry, the principal aims of rheology 
are to determine the ingredient functionality in product development, evaluate food texture 
and collate this with the sensory evaluation, as well as design the process engineering in 
order to control product quality and shelf life (Fischer & Windhab, 2011). 
  According to Gunasekaran & Mehmet Ak (2000), small deformation dynamic 
oscillation can be applied to a material to characterise the viscoelasity of biopolymers and 
food products in relation to time, temperature, strain or frequency. These tests are non-
destructive due to application of relatively small amplitudes. Complex modulus (G*) is the 
total resistance of a material to oscillatory shear, and the modulus is composed of two 
parameters, G' and G'' where the equation, G* = (G' 2 + G'' 2)1/2. Elastic or storage modulus 
(G') shows the strength of the network while the viscous or loss modulus (G'') is a 
measurement of flow behaviour. Moreover, phase angle (tan ) is the level of 
viscoelasticity of the material expressed as tan  = (G'' / G'). A high value of tan  means 
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that the sample is more viscous or liquid-like whereas low value of tan  indicates that the 
sample is more elastic or solid-like. Table 2.1 summarises the various rheological 
parameters described here. 
 
Table 2.1 Standard rheological parameters of small deformation dynamic oscillation 
Parameter Definition Symbol Units 
Shear storage modulus Scope of elasticity of material G' Pa 
Shear loss modulus The capability of the material to 
dissipate energy or flow behaviour 
G'' Pa 
Complex modulus The total resistance of sample to 
oscillatory shear  
G* Pa 
Phase angle Degree of viscoelasticity tan  - 
                    
              The viscoelastic properties of food systems can be analysed using consecutive 
relations which are obtained with dynamic rheological tests, namely strain sweep, 
temperature sweep, time sweep, and frequency sweep (Brummer, 2006). 
               Strain sweep is employed to determine the linear viscoelastic region (LVR) of a 
material by increasing the amplitude of oscillation at a constant frequency and temperature 
thus observing the magnitude of phase lag and amplitude variation. The drastic changes in 
values of rheological properties (G' or G'') are the limit of the LVR. Within this LVR, the 
stress and strain elements are linearly related and property of the sample is entirely 
described by a lone function of time. The samples are assumed to be stable before carrying 
a strain sweep otherwise it is needed to subject a sample to a time sweep prior to 
determination of LVR. This test is very useful to study the stability of physical gels. 
    Frequency sweep is used to provide viscoelastic properties as a function of 
frequency at a fixed strain and temperature. The data obtained from the test can categorise 
the nature and behaviour of biopolymers and food products into four groups (Fig. 2.1): a 
dilute solution, an entangled solution, a weak gel or a strong gel. Furthermore, the test is 
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used in time-temperature superposition to gauge long term properties of samples beyond a 
wide range of reasonable experimental time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 The four classifications of mechanical spectra in low-solid food materials: (a) 
dilute solution, (b) entangled solution, (c) strong gel and (d) weak gel (Richardson & 
Kasapis, 1998). 
 
             Temperature sweep or temperature ramp is a measurement of G' and G'' as a 
function of experimental temperature at a constant frequency and strain. Such text is very 
useful to study gel formation. 
 Time sweep is analysed after temperature ramp where both moduli have shown a 
considerable increase as a function of time at a certain strain, frequency and temperature 
until equilibrium is more or less achieved. The importance of time sweep is to determine 
The four principal categories of 
mechanical spectra in high water 
(low solids) food materials: (a) 
Dilute solution (fruit juice, clear 
vegetable soup), (b) entangled 
solution (guar or LBG solution, 
thick starch soup), (c) strong gel 
(table jelly,) and (d) ‘weak gel’
(ketchup, custard).
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the sample changes over a certain period. This test is very useful to study the development 
of physical gels. 
Rheometer is used to perform the rheological measurements, including the 
viscoelasticity of biopolymers, particularly intermolecular network formation (Fig. 2.2, 
left). AR-G2 (Advanced rheometer generation 2) is commonly used to refer to advanced 
rheometer generation 2 which was the first patented instrument to use magnetic trust 
bearing technology for nano-torque control. 
 
      
 
 
 
 
 
 
 
 
Fig. 2.2 Controlled stress rheometer with parallel plate geometry (AR 2000, left) 
(Rudraraju & Wyandt, 2005) and Advanced Rheometer Generation 2 (AR-G2, right)  
             
   The advanced rheometer used in the current study (Fig. 2.2, right) can measure 
various mechanical properties of the biomaterial, including direct controlled stress, strain 
or convection/radiant heating concept. Furthermore, the instrument features Smart 
SwampTM Geometrics that detects and stores geometry information automatically. The 
AR-G2 is also equipped with a parallel Peltier plate that provides precise control over a 
wide range of temperatures (TA Instruments, 2013a). 
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2.1.2 Differential scanning calorimetry  
 
 Thermal analysis techniques have been used extensively in food research, 
providing qualitative and quantitative information on the thermodynamic properties of 
food systems. Differential scanning calorimetry (DSC) pertains to the thermal analysis of 
materials by measuring a change of temperature and enthalpy associated with kinetic 
reactions during heating or cooling. Standard DSC measurements provide information as a 
function of temperature and time relating to heat absorption or emission of materials, and 
example include crystallisation and/or melting. The most typical application of 
conventional DSC is probably the detection of glass transition phenomena and Tg. 
However, the DSC has a limitation to determine the Tg when the presence of the enthalpic 
relaxation overlaps the glass transition zone (Artiaga, López-Beceiro, Tarrío-Saavedra, 
Gracia-Fernández, Naya, & Mier, 2011). 
 
2.1.2.1 Micro differential scanning calorimetry 
 For the thermal profile analysis, micro-calorimetry provides a high sensitivity in 
revealing the thermal events of solid samples or diluted solutions. Enhancements in the 
sensitivity and functions of commercially available micro-DSC have made this as a useful 
tool in providing quantitative and qualitative information on the thermodynamic properties 
of foods and their components. These are associated with endothermic and exothermic 
processes in heat capacity, e.g. thermal stability of protein, protein denaturation in aqueous 
solution and thermodynamic measurements of unfolding of compact globular proteins 
(Raemy & Lambelet, 1991). 
 The micro DSC VII (SETARAM, Fig. 2.3, top) provides high sensitivity of 
thermal events in between 0 and 90◦C. The DSC consists of a measurement calorimetric 
block made up of a gold plate metal cylinder with high thermal conductivity (Fig. 2.3, 
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down left). This chamber provides for homogeneous temperature control and the two 
hollows are machined into the block to take the closed vessels (Fig. 2.3, down right). The 
measurement vessel takes the solid or liquid sample to be analysed whereas the reference 
vessel contains an inert material (e.g. distilled water) to compensate the thermal effect 
linked to the heating or cooling of the sample. The vessel is especially designed for 
measuring protein denaturation, gelification and phase transitions. Each vessel is 
surrounded by a plane-surface detector with very high sensitivity providing a thermal link 
with the calorimetric block. These transducers are good thermal conductors collecting the 
temperature in the vessels identical to that in the calorimetric block and the electrical 
signal is proportion to the heat transfer between the sample vessel and the calorimetric 
block (SETARAM, 2014). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3 Micro-DSC VII SETARAM (top), schematic diagram of micro-DSC (lower, left) and 
the closed batch vessel (lower, right)  
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2.1.2.2 Modulated differential scanning calorimetry 
           Modulated differential scanning calorimetry (MDSC) is an advanced DSC 
designed to overcome limitations of conventional DSC thus providing new insights into 
the properties of materials e.g. identification of thermal events. MDSC administers two 
simultaneous heating rates, the traditional linear and a sinusoidal heating rates of the 
material-experiment (Verdonck, Schaap, & Thomas, 1999). The average heating rate 
generates information on total heat flow and a sinusoidal heating rate produces heat 
capacity information from the change of heat flow along with the temperature ramp and 
kinetic component as shown in the Equation (2.1) (Gill, Sauerbrunn, & Reading, 1993).            
        
           (2.1) 
 
                                     
where: dQ/dt is heat flow generated by the sample, dT/dt  is heating rate, Cp is the heat 
capacity of sample, t is time, T is temperature, ƒ/(t,T) is the thermodynamic heat flow 
element and ƒ(t,T) is kinetically-limited heat flow. For MDSC, total heat flow is derived 
from the average values for the reversing heat flow signal using a Fourier transformation 
analysis and the non-reversing counterpart which is the arithemetic disparity between the 
total heat flow and the heat capacity signal.  
             The Q2000 (TA Instruments) is a modulated DSC with high performance in 
baseline stability, sensitivity and resolution (Fig. 2.4). The features of Q2000 include both 
Advanced TzeroTM and Modulated DSCTM technologies to record broad thermal events in 
a wide range of temperature (-90-200◦C). The modulated DSC has the 50-position 
intelligent auto-samples, auto schedule tests and digital mass flow controllers. (TA 
Instruments, 2013b). 
 
 
 d𝑄
d𝑡
   =  −
d𝑇
d𝑡
 𝐶𝑝 +  𝑓
′ 𝑡, 𝑇  + 𝑓(𝑡, 𝑇) 
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Fig. 2.4 Schematic diagram of DSC (left) (Polymer Science Learning Centre, 2013) and 
MDSC Q 2000 (right) 
 
2.1.3 Dynamic mechanical analysis 
 
 Dynamic mechanical analysis (DMA) and dynamic mechanical thermal analysis 
(DMTA) are similar techniques in which a small deformation is administered on a sample 
in a cyclic mode. This analysis is primarily utilised to characterise thermomechanical 
properties with variation in temperature, time, frequency, stress, strain or multi 
parameters.  
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            DMA performs oscillatory measurements at a set of frequencies and reports 
changes in temperature and transition in materials. The sample can be tested on a 
controlled stress or a controlled strain manner. For powder samples, a novel material 
pocket has been designed to fix samples that cannot support their own weight. A force 
motor generates the sinusoidal signal which is conveyed to the sample via a drift shaft. 
The two moduli can report the small deformation with an in-phase element, the storage 
modulus or the elastic behaviour and an out of phase element, the loss modulus. As shown 
in Fig. 2.5, the ratio of the loss to the storage modulus is defined as the tan  or a 
measurement of the extent to which a material dissipates or absorbs energy under a cyclic 
load (Perkin-Elmer, 2013a).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5 A typical DMA curve recording a tan  or mechanical Tg (Gotro, 2016). 
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 The DMA 8000 dynamic mechanical analyser has been described as a flexible and 
cost-effective instrument (Fig. 2.6). The DMA measures the viscoelastic parameters which 
include storage modulus (E'), loss modulus (E'') and tan delta () of high-solid materials 
as a function of a period (sinusoidal) deformation. The Tg is determined by a concurrent 
peak in the tan delta or a peak in the log of storage modulus (E') scanned as a function of 
temperature against a Linear Variable Differential Transformer (LVDT) at a specific 
frequency of oscillation and the clamp type used (Perkin-Elmer, 2013a). 
 
 
 
 
 
 
 
 
Fig. 2.6 Schematic diagram of the DMA 8000 analytic train (left) and the DMA 8000 (right) 
 
2.1.4 Fourier transform infrared spectroscopy 
 
 Fourier transform infrared spectroscopy technology is another quality control tool 
available to food researchers. The method is convenient, rapid and accurate to characterise 
the structure and functional groups in biomaterials (van de Voort, 1992). 
  FTIR is the commonly abbreviation for Fourier transform infrared spectroscopy, 
which is derived from a mathematical exercise displayed by Jean Fourier. An infrared 
spectrum can be considered as a fingerprint of a material with the absorption peaks which 
reflect the vibrational frequencies between the bonds of the atoms creating the material. 
Sample fixture P100 thermometer 
Force motor 
 
 
 
LVDT 
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The current technology of such technique can identify many types of material and the size 
of each of the peaks in the spectrum implies the quantity of component present (Thermo 
Nicolet, 2001). Accordingly, this analytical approach is a versatile tool in food, chemistry 
and pharmacy which provide the evidences of vibration of atoms of compound. 
            Fig. 2.7 depicts the FTIR instrument employed in this study, i.e. FTIR Spectrum 
100.  It consists of an infrared light source, a fixed mirror, a sliding mirror, beam splitter 
and a detector (Fig. 2.7). A beam exuded by the infrared light is divided into two via the 
beam splitter and the half of each signal will be reverted to both sliding and fixed mirrors. 
The light beams return to the splitter at which point they are recombined to produce either 
constructive or destructive interference. Afterwards, the signal is captured by the detector 
to compile an interferogram which is then transferred into spectra of the source, with and 
without sample absorption. The proportion of the both spectra (i.e. former to the latter) is 
interpreted as the FTIR transmission spectrum of the samples (Dole, Patel, Sawant, & 
Shedpure, 2011). 
 The FTIR Spectrum 100 is supplied with a MIRacleTM ZnSe Single reflection ATR 
plate. Spectra were recorded in absorbance mode within the wavelength vicinity of 4000-
600 cm-1 with a specific resolution of 4 cm-1 (Fig. 2.7). This was calibrated against the 
background spectrum of distilled water (i.e. solvent) at ambient temperature (Perkin-
Elmer, 2013b). 
 
 
 
 
 
Fig. 2.7 Schematic diagram of FTIR (left) (ETS Laboratories®, 2013) and FTIR Spectrum 
100 (right) 
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2.1.5 X-ray diffraction 
 
 X-ray diffraction (XRD) is a method which is generally carried out to determine 
the chemical structure of crystalline substance, loss of crystallinity, and the presence of 
repeating structure of atoms or molecules. XRD is non destructive analysis requiring s 
very small sample sizes and quantity. The technique has applications in material science 
pharmaceutical and food science to correlate physical appearance with chemical motions. 
 XRD can describe the differences between amorphous and crystalline material. In 
crystal structure, the atoms are arranged systematically while the atoms in amorphous 
material are randomly aggregated. When an X-ray beam attacks atoms in a non-crystalline 
material, the electrons around the atoms start to oscillate with the same level frequency of 
the beam, and the oscillation occurs in all directions. This results in destructive 
interference and no energy leaving the material. In contrast, the atoms in crystalline 
structures oscillate in a limited direction resulting in constructive interference. Based on 
the comparison of peaks in X-ray graphs, amorphous substances usually create broad 
bands while crystalline materials show distinctive, sharp peaks (Duvvuri, Ko, 
Krommenhoek, & Sanchez, 2013; Jenkins & Snyder, 1996). 
           Fig. 2.8 demonstrates the x-ray diffraction process as well as the wide angle X-ray 
diffractometer (WAXD) utilised in this study. Inside the X-ray tube, a current is 
transferred between an anode and a cathode. The number of electrons exuded from the 
cathode and moved towards the anode rises with increasing current. A range of high 
voltages from 15 to 60 kV is applied to accelerate the electrons, so that these bombard, the 
anode generating the X-ray radiation which passes filters to limit their direction of travel. 
They are piled up through the application of collimators in the vacuum tube before reading 
the sample material. When the diffraction is detected, the signal will be recorded and 
transformed into a count rate. The result is plotted in the form of the diffraction intensity 
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against the angle (2) of x-rays’ incidence. Finally, a database is used to determine the 
crystalline structure of the substance by comparing the peaks in the diffractogram 
(Duvvuri, Ko, Krommenhoek, & Sanchez, 2013). 
              This advanced diffractometer is supplied with Cu-Ka (1.54 Å) radiation and 
employs 40 mA current and 40 kV accelerating voltage. Sample in powder form were 
located on a sample holder and scanned steadily to acquire diffractograms within a 2 
range of 5° and 90° at an interval of 1°. The Bruker Advanced X-ray Solutions software, 
DIFFRACplusc Evaluation (Eva), enables users to schedule the tests automatically at off 
work time (BRUKER AXS, 2013). 
 
 
 
 
 
 
  
 
 
Fig. 2.8 Schematic diagram of XRD (left) (HyperPhysics, 2013) and BRUKER AXS D4. 
Diffractometer (right) 
 
2.1.6 Scanning electron microscopy 
 
            Scanning electron microscopy (SEM) is a versatile technique to examine the nature 
of a wide range of materials. The SEM is popular choice for food researchers to visualise 
the surface feature of specimens with a higher resolution limit (around 1 nm) compared to 
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the traditional light microscopy (around 0.2 µm) (Fazaeli, Tahmasebi, & Djomeh, 2012; 
Kaláb, Allan-Wojtas, & Shera Miller, 1995). 
 In SEM systems, the specimen is typically dried and layered with a thin sheet of 
gold to provide electric conductivity. The source of illumination is usually generated by 
passing an electric current from an electron source located at the top of a column. A 
voltage (300-40kV) accelerates the electron beam down towards the specimen to decrease 
spot size. The electrons are focused in an electron microscope by two electromagnetic 
lens. The condenser lens collimates the electron beam thenthe focusing lens objects on the 
specimen to producea clear image. The beam passes across the specimen in a series of 
parallel lines without any interactions and energy transfer between electrons and matter. 
These are put together a two dimensional image is obtained form the photographic record. 
The secondary electron (SE) and backscattered electron (BSE) are the two signals usually 
used to produce SEM images (Royal Society of Chemistry, 2013a). 
 The Philips XL30 SEM scanning electron microscope (XL32) is a conventional 
SEM equipped with secondary electron and backscatter electron detectors and an energy 
dispersive X-ray analysis system. The key instrument features are fully monitored stage 
facilitating systematic searching of specimens, which is capable of recording and returning 
the feature of interest. A rapid production stereopairs permits performance of on-screen 
measurements and a Glaten XuM nano-CT system facilitates the 2D and 3D-images of the 
surface structure of gold-coated objects in the SEM at a high resolution (Natural History 
Museum UK, 2013). 
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Fig. 2.9 Schematic diagram of SEM (upper left) (AMMRF, 2013), Philips XL30 SEM 
(upper right) and SPI Gold Sputter Coater (lower) 
 
 2.1.7 Ultraviolet/Visible spectroscopy  
 UV/Vis spectroscopy is a technique that analyses the molecular absorption of 
ultraviolet light (190-400 nm) and in the visible zone (400-700 nm) of the electromagnetic 
area. The transition of atomic and molecular electrons can cause the absorption of 
particular samples in solution. 
 In a conventional spectrophotometer, the electromagnetic radiation is passed 
through a lens and then the sample which is placed in a small square-section cell (or 
cuvette). The whole UV/Vis radiation is scanned over a short period (30 s). The same 
radiation is also simultaneously traversed a reference cell consisting of solvent alone. 
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Afterwards, photocells detect the radiation signal and the absorption is recorded by 
subtracting the intensity of the reference cell from the intensity of the sample cell. In the 
ultraviolet range, the deuterium discharge lamp is used as the light source while a tungsten 
filament can cover the visible range. Using both lamps can complete the whole part of the 
spectrum used for UV/Vis spectroscopy. Detection of the radiation passing through both 
cells can be achieved by using a grating and diode array to convert photons of radiation 
into tiny electrical currents (Royal Society of Chemistry, 2013b). 
              A UV/Vis spectrophotometer model of LAMBDA 35 manufactured by Perkin-
Elmer is employed in this study (Fig. 2.10). It can be operated with double beam for the 
wide wavelength range of 190-1100 nm. The bandwidth of the wavelength can be varied 
within 0.5-4.0 nm. The UV WinLabTM software enables users to simplify analysis and 
report generation through a step-by-step process (Perkin-Elmer, 2013c). 
 
 
  
 
 
  
 
 
 
 
 
 
Fig. 2.10 Schematic diagram of UV/Vis spectroscopy, visible spectrum (top) (Agilent 
Technologies, 2013a) and LAMBDA 35 UV/Vis spectrophotometer (lower) 
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2.1.8 Atomic absorption spectroscopy  
 
 Flame atomic absorption spectroscopy (FAAS) is an analytical method frequently 
employed in food analytical laboratories for trace element determinations. The main 
advantages of the so-called furnace-in-flame approach are the versatility and low cost 
operation (Bings, Bogaerts, & Broekaert, 2010). 
 Flame atomic absorption is based on the fact that an atom in the vapour state will 
absorb light of certain frequencies as a specific characteristic. A hollow cathode lamp is 
basically a glass lamp with a metal cathode inside. When the lamp is heated there is 
emission of radiation of a certain wavelength and these are unique characteristics of the 
cathode materials. Sample solution nebulised and transferred into a flame of around two 
thousand degrees, which atomises the sample so that the gaseous atoms are generated and 
passed through the length path of the spectrometer. If those atoms are potassium, they will 
absorb those lines at 769.9 nm using an air-propane flame. The decreasing intensity of the 
light results from the atoms absorbing light which can relate that decrease in intensity to 
concentration. The radiation flux of a blank (i.e. solvent alone) and a sample in the 
atomiser is determined using a light-sensitive detector, and the ratio between the two 
absorbances is used to calculate analyte level or mass using the Beer-Lambert equation 
(Hind, 2011). 
            The VARIAN AA 280FS atomic absorption spectrometer (Fig. 2.11) is an external 
PC-controlled flame atomic absorption spectrometer supporting multi-element flame 
determinations. The instrument has a double-beam design to ensure a stable baseline and 
is suitable for manual flame analyses and vapour generation using the VGA 77 vapour 
generation accessory with Spectra AA base and PRO software (Agilent Technologies, 
2013b). 
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Fig. 2.11 Schematic diagram of AAS (left) (Hind, 2011) and VARIAN AA 280FS AAS 
(right) 
 
2.1.9 Particle size analysis  
 
 Particle size measurements are important in food science due to the high 
correlation between the properties of materials and their particle size. To determine 
particle size distribution, the laser diffraction or more specific technique called Low Angle 
Laser Light Scattering (LALLS) has been recognised as the standard procedure for the 
characterisation of systems, quality control and product optimisation (Rawle, 2014; 
Stojanovic & Markovic, 2012). 
 The principle of light scattering to measure the particle size developed by Malvern 
Instruments Ltd, UK, is a special sampling device. In this there is an arrangement whereby 
a dispersed sample is passed through a measurement zone and a laser beam passes through 
it. A laser beam is a coherent-intense light and a He-Ne is the most common source of the 
light, providing the best stability and a signal with low noise. The light intensity of the 
laser beam is scattered by the particles within the sample and over a wide range of angles 
so that series of receiver lens or semicircular diodes are used detector to collect the high 
intensity light. Curve-fitting software converts the light intensity distribution into a series 
of empirical particle size distribution functions. 
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 A particle size analyser developed by Malvern, i.e. Mastersizer 3000, can measure 
the particle size of suspensions, emulsions and dry powders with a fast and accurate 
method (Fig. 2.12). The instrument has a wide measuring capacity over the nanometer to 
millimeter (0.01-3500 m) particle size range. This analysis reports the results in a short 
period of time (less than 10 s) with accuracy higher than 1% and precision less than 0.5% 
variation (Malvern, 2014). 
 
 
 
 
 
 
Fig. 2.12 Schematic diagram of laser diffraction particle size analysis (left) (Spray 
Analysis and Research services, 2014) and the Mastersizer 3000 (right) 
 
2.2.11 Spray dryer 
 
 Spray drying is one of the encapsulation techniques that has vast applications in the 
food industry and the advantages of the technique include relatively low cost, simplicity 
and flexibility. There are three steps involved in the encapsulation and protection of a 
range of micronutrients, polyphenols and flavours, namely: (i) forming the coating around 
the bioactive compounds; (ii) avoiding the loss of bioactivity of core materials and (iii) 
minimising the contamination of undesired impurities (Fang & Bhandari, 2010). 
 For encapsultaion, the shell material is hydrated first, then the core material is 
homogenised with the shell solution (Fig. 2.13). The mixture is introduced into a spray 
dryer and atomised with a nozzle jet in a heated air stream, after which water is vaporised 
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by the hot air that comes into contact with the solid particles inside a drying chamber. The 
encapsulated products are finally collected after they fall to a collection vessel at the base 
of the cyclone powder collector. The exhaust vapour is blown by exhaust fan to the 
outside atmosphere or fume/dust extractor (Armfield Group, 2014; Teleki, Hitzfeld, & 
Eggersdorfer, 2013). 
              Lab Plant SD Basic FT30MKIII spray dryer is a unit designed for producing a dry 
fine powder (Fig. 2.13). The operation mode is downward with co-current air flow and 
drying air throughflow of 70 m3/hr. The dryer specification is a heater capacity 3 kW, jet 
size 0.5 mm, air inlet temperature up to 200°C and maximum product flow rate 150 ml/hr. 
The spray dryer is described as producing a fine food powder for various applications 
including beverages, milk, cereals, plant and vegetable extracts (Armfield Group, 2014). 
 
 
 
 
 
 
 
 
 
 
Fig. 2.13 A Lab Plant SD Basic FT30MKIII spray dryer (Armfield Group, 2014, left) and 
schematic illustration of a spray drying process (Chávarri, Marañón, & Villarán, 2012, 
right) 
 The detail of major analytical instrument used in this study is listed in Table 2.2, 
and other equipment is detailed in Table 2.3 
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Table 2.2 List of analytical instrument 
Instrument Trade Name Manufacturer 
Rheometer ARG-2 TA Instruments (New Castle, DE, 
USA) 
Dynamic mechanical analyser DMA8000 Perkin Elmer (MA, USA) 
Micro differential scanning 
calorimeter 
Micro-DSC-III 
calorimeter 
SETARAM (Caluire, France) 
Differential scanning 
calorimeter 
MDSC Q2000 TA Instruments (New Castle, DE, 
USA) 
FTIR spectrometer FTIR Spectroscopy-
spectrum 100 
Perkin-Elmer (Norwalk, USA) 
X-ray diffractometer BRUKER AXS D4 Bruker AXS Corporation  
(Madison, USA) 
UV/Visible spectrophotometer LAMDA 35 Perkin-Elmer (Norwalk, USA) 
Scanning electron microscope Philips XL30 SEM  FEI company (Sussex, England). 
SPI Gold Sputter Coater SPI-MODULD 
Sputter coater 
IMBROS Pty. Ltd.  
(Hobart, Australia) 
Optical microscope Nikon H550s Nikon (Japan) 
Atomic absorption 
spectrometer 
VARIAN AA 280FS Agilent Technologies  
(California, USA) 
Particle size analyser Masteriser 3000 Malvern Instruments Ltd. 
(Worcestershire, UK) 
Refractometer ABBE  Erma Inc. (Tokyo, Japan) 
pH meter LabCHEM-pH TPS (Springwood, QLU, Australia) 
Colour meter CR-400B Minolta Camera Co. Ltd.  
(Osaga, Japan) 
Water activity meter Novasia ms1 Novasina AG (Lachen, Switzerland) 
Moisture analyser 
 
Ohaus MB45 Ohaus Europe GmbH  
(Greifensee,Switzerland) 
Tzero® DSC Sample 
Encapsulation Press 
Tzero® DSC Press TA Instruments (New Castle, DE, 
USA) 
Analytical balance 
(DSC lid-pan weighting) 
Metter AE2000 Metter Instrument AG 
(Greifensee-Zurich, Switzerland)  
Analytical balance ADGR-202 A&D Company Limited (Japan) 
Digital Thermocuple 
(-50) -150°C 
HANNA HANNA Instruments Inc. 
(Woonsocleet, USA) 
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Table 2.3 List of equipment 
Equipment Trade Name Manufacturer 
Muffle furnace Techtrader Techtrader Pty. Ltd. (Australia) 
Spray drier LabPlantSD Basic 
FT30MKIII 
Keison Products  
(England) 
Freeze drier FDB 5503 Operon 
(Gimpo City, South Korea) 
Air blast freezer Batehilt Barker & Taylor Pty. Ltd. 
(Canterbury, Australia) 
Fridge freezer ARB ARB Corporation Ltd. (China) 
Lab Freezer Thermoline Scientific Thermoline Scientific Instruments 
Pty. Ltd. (Australia) 
Refrigerator Kelvinator Australia 
Incubator Qualtex Solidstate Watson Victor, Ltd. 
(Australia & New Zealand)  
Water bath 
(thermostatically controlled) 
Thermoline Scientific Thermoline Scientific Instruments 
Pty. Ltd. (Australia) 
Magnetic hot plate Industrial Equipment 
& Control 
Industrial Equipment & Control 
Pty. Ltd. (Australia) 
 
2.2 MATERIALS 
 
              The summary of chemical reagents and materials used in this study including 
supplier information is listed in Tables 2.4-2.7. 
 
Table 2.4 List of vitamins 
Vitamin Formula 
Molecular 
mass 
(g/mol) 
Assay 
(%) 
CAS 
Number 
Supplier 
L-ascorbic acid C6H8O6 176.12 ≥99.0 50-81-7 Sigma-Aldrich, 
Australia 
Thiamin 
hydrochloride  
C12H17ClN4OS
.HCl 
337.27 ≥99.0 67-03-8 Sigma -Aldrich, 
Australia 
Nicotinic acid C6H5NO2 123.11 ≥99.5 59-67-6 Sigma-Aldrich, 
Australia 
DL- tocopheryl 
acetate 
C31H52O3 472.74 ≥96.0 7695-92-2 Sigma-Aldrich, 
Australia 
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Table 2.5 List of food polymers 
Food polymer Specification 
CAS 
Number 
Supplier 
High-methoxy pectin 
(from citrus peel) 
-polysaccharide content  
93.3% (dry basis) 
-galacturonate  
86.3% (dry basis) 
-DE 55-65 
-light brown powder 
9000-69-5 Sigma-Aldrich, 
Australia 
κ-carrageenan -extracted from 
Euchema cottonii type III 
-white to yellow-tan powder 
11114-20-8 Sigma-Aldrich, 
USA 
Whey protein isolate 
 
-protein (TN  6.38) 91.3% 
-fat 0.7% 
-ash 3.8%  
-lactose 0.44%. 
- moisture content 3.5% 
-pH 6.3 for 10% (w/w) solution  
-bulk density 0.45 g/ml 
-aerobic plate count 9,900 cfu/g 
9013-90-5 MG Nutritionals, 
Murray Goulburn 
Co-operative Co. 
Ltd., Australia 
Polydextrose  
(Sta-Lite III) 
- purity 90%  
- moisture content 4%  
68424-04-4 Tate & Lyle, 
USA 
Modified waxy maize 
starch-Capsule 
-starch 91% 
-moisture content 7.85% 
-0.5% protein 
-<0.3% ash 
-0.15% fat 
- National Starch 
& Chemical Pty. 
Ltd., Bangkok, 
Thailand. 
Table 2.6 List of solvents 
Solvent Formula 
Molecular 
mass 
Purity 
(%) 
CAS 
Number 
Supplier 
Ethanol CH3CH2OH 46.07 ≥99.5 64-17-5 Sigma-Aldrich, 
Australia 
Ethylene glycol (HOCH2CH2)2O 106.12 ≥99.0 111-46-6 Sigma-Aldrich, 
Australia 
Dimethyl 
sulfoxide 
C2H6OS 78.13 ≥99.5 67-68-5 Sigma-Aldrich, 
Australia 
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Table 2.7 List of reagents and other materials 
Reagent/material Formula 
Molecular 
mass 
Purity 
(%) 
CAS 
Number 
Supplier 
2,4-Dinitrophenyl 
hydrazine 
(O2N)2C6H3N-
HNH2 
198.14 97.0 119-26-6 Sigma-Aldrich, 
Australia 
Alizarin Brilliant 
Violet R  
H15NNaO6S 432.40 98.0 4430-18-6 Jacquard, USA 
Vanillin 4-(HO)C6H3-3-
(OCH3)CHO 
152.5 99.0 121-33-5 Sigma-Aldrich, 
Australia 
Barium chloride BaCl2 208.32 99.9 10361-37-2 Unilab, Ajax 
Finechem, 
Australia 
Potassium bromide 
 
KBr 119.00 ≥99.0 7758-02-3 BDH, 
Chemicals Pty. 
Ltd., Australia 
Cyanogen bromide 
 
CBrN 105.92 >97.0 506-68-3 Sigma-Aldrich, 
Australia 
Potassium chloride KCl 74.55 ≥99.0 7447-40-7 Unilab, Ajax 
Finechem, 
Australia 
Sodium dihydrogen 
phosphate 
monohydrate 
Na H2PO4.H2O 137.99 ≥98.0 10049-21-5 Sigma-Aldrich, 
Australia 
Potassium dihydrogen 
phosphate 
KH2PO4 136.09 ≥98.0 7778-77-0 BDH Chemicals 
Pty. Ltd., 
England 
Calcium chloride CaCl2 110.98 >97.0 10043-52-4 Unilab, Ajax 
Finechem, 
Australia 
Magnesium chloride MgCl2 95.21 >97.0 7786-30-3 Merck, 
Germany 
Sodium chloride NaCl 58.44 >99.5 7647-14-5 Merck, Pty. Ltd. 
,Australia 
Silver nitrate AgNO3 169.87 >99.0 7761-88-8 Sigma-Aldrich, 
Australia 
Meta-phosphoric acid HPO3 79.98 33.5-
36.5 
37267-86-0 BDH, 
Chemicals Pty. 
Ltd., Australia 
Sulfanilic acid C6H7NO3S 173.19 ≥99.0 121-57-3 Sigma-Aldrich, 
Australia 
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Table 2.7 List of reagent and other materials (cont.) 
Reagent/material Formula 
Molecular 
mass 
Purity 
(%) 
CAS 
Number 
Supplier 
Sulfuric acid  H2SO4 98.08 95.0-
98.0 
7664-93-9 Sigma-
Aldrich, 
Australia 
Nitric acid HNO3 63.01 ≥90.0 7697-37-2 Sigma-
Aldrich, 
Australia 
Hydrochloric acid  HCl 36.46 37.0 7647-01-0 Sigma-
Aldrich, 
Australia 
Phosphoric acid H3PO4 98.0 85 7664-38-2 Sigma-
Aldrich, 
Australia 
Ammonium hydroxide 
 
H5NO 35.05 28-30 1336-21-6 Sigma-
Aldrich, 
Australia 
Sodium hydroxide NaOH 40.00 ≥97.0 1310-73-2 Sigma-
Aldrich, 
Australia 
Ammonia solution NH3 17.03 25 67-56-1 BDH, 
Chemicals 
Pty. Ltd., 
Australia  
Thiourea NH2CSNH2 76.12 ≥99.0 62-56-6 Sigma-
Aldrich, 
Australia 
Sodium hypochlorite 
solution 
NaClO 74.44 10-15 7681-52-9 Sigma-
Aldrich, 
Australia 
Chloroform CHCl3 119.38 ≥99.0 67-66-3 Sigma-
Aldrich, 
Australia 
Glucose syrup - - - 8029-43-4 Edlyn Foods 
Pty. Ltd., 
Australia 
Amberlite IR-120 
resin, hydrogen form 
- - - 39389-20-3 Supelco, USA 
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Table 2.7 List of reagent and other materials (cont.) 
Reagent/material Formula 
Molecular 
mass 
Purity 
(%) 
CAS 
Number 
Supplier 
Silicone Oil 
[-Si(CH3)2O-]n  
 
- - 63148-62-9 
BDH, 
Chemicals 
Pty. Ltd., 
Australia 
Cellulose tubing for 
dialysis 
- - - - 
Sigma, 
Germany 
Millipore water H2O 18.02 - - 
Millipore 
Pty. Ltd., 
Australia 
 
2.3 SAMPLE AND REAGENT PREPARATION 
 
2.3.1 High-solid polysaccharide/cosolute matrices 
 
 Composite matrices of pectin/polydextrose and -carrageenan/glucose syrup were 
prepared at 80 and 85% (w/w) total solids, respectively. In doing so, pectin powder or -
carrageenan in potassium form (7.8% w/w) were dissolved in Millipore water at 90°C with 
constant stirring on a hot plate, and then the temperature was reduced to approximately 
70°C. Known amounts of cosolutes were solubilised separately in water and carefully 
mixed with the polymer solutions at the same temperature. The final levels of solids were 
adjusted with the addition of the known amount of ascorbic acid or thiamin solutions at 
30°C. The pH of the former was fixed to 3.0 using 0.2 M HCl solution and for the latter to 
4.5 using 50 mM potassium dihydrogen phosphate buffer solution in order to produce the 
required gelling conditions for experimentations and maintain the bioavailability of 
vitamins. Samples were kept overnight at 4°C to facilitate equilibration. 
  
 
 
79 
 
2.3.2 Spray dried microcapsules 
 
 Wall materials (whey protein or modified waxy maize starch) were dispersed in 
Millipore water. The starch solution was heated at 70°C for 15 min, and then both 
biopolymer solutions were stored in a refrigerator overnight. Premix-vitamin solution was 
prepared as follows: (i) nicotinic acid was hydrated in a phosphate buffer solution at pH 
6.5; and (ii) tocopheryl acetate was dissolved in absolute ethanol treated with 
homogenisation. The feed solutions were steadily mixed with a magnetic bar throughout 
the dehydration process, which was facillitated by a spray dryer. Working operating 
conditions were set at: diameter of a nozzle (0.5 mm), liquid flow 8.5 ml/min for nicotinic 
acid/whey protein solutions and 7.5 ml/min for tocopheryl acetate/maize starch, a 
controlled air pressure of 250 kPa, inlet and outlet air temperatures were 120 and 75°C, 
respectively. The powder was collected in amber bottles and then chilled for 16±2 h in a 
refrigerator before analysis. 
 
2.3.3 Reagent preparations 
 
2.3.3.1 DNPH solution 
 This was dissolved by heating of 2 g DNPH dissolved in 100 ml 0.5 N sulfuric acid 
and filtered before use, to give a final concentration of 2% DNPH (Rajan, 2011). 
2.3.3.2 ABVR solution  
 ABVR (0.2 g) was dissolved in 100 ml Millipore water in a volumetric flask (0.2% 
ABVR) (Prasad, Rajasree, Khan, & Narayana Reddy, 1997).  
2.3.3.3 Cyanogen bromide solution 
  Cyanogen bromide (10 g) was added to 80 m1 of warm water (40°C) in a large 
flask. The solution was shacken until it was fully dissolved, cooled, diluted to 100 ml and 
stored in a refrigerator (Deutsch, 1984). 
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2.3.3.4 SPV solution 
 Vanillin (3 g) was dissolved in 0.5 g Millipore water and diluted to a mark in a 2 l 
beaker using concentrated phosphoric acid and mixing vigorously. SPV reagent was stored 
in a refrigerator for up to one month (Paramita, Bannikova, & Kasapis, 2015). 
2.3.3.5 Bromine solution 
 Addition of 30 ml of 5.25% sodium hypochlorite to a solution of 5.07 g of 
potassium bromide in 42 ml of 1 N hydrochloric acid and 28 ml Millipore water was used 
to prepare an aqueous solution of bromine of 3.4 g/100 ml. The procedure was performed 
in a working fume hood to minimise exposure to poisonous chlorine gas and bromine 
vapor. The resultant solution was not stored but rater prepared freashly as required. 
             Three equations of the halogen displacement reactions were used, as follows 
(Hiegel, Abdala, Vincent Burke, & Beard, 1987).  
  NaClO (aq) + 2HCl (aq)  →     Cl2 (g) + NaCl (aq) + H2O (l)        (2.2) 
  Cl2 (g) + 2KBr (aq)     → 2KCl (aq) + Br2 (aq)         (2.3) 
2KBr (aq) + NaClO (aq) + 2HCl (aq) → Br2 (aq) + 2KCl (aq) + NaCl (aq) + H2O (l)  (2.4) 
2.3.3.6 Sulphanilic acid solution  
 Ammonium solution was added dropwise to a mixture of 20 g sulfanilic acid and 
120 ml Millipore water until sulfanilic acid was dissolved. Then the pH was optimised to 
4.5 with a solution hydrochloric acid and water (1+1) and the resultant the solution was 
diluted to 200 ml (Deutsch, 1984). 
2.3.3.7 Sodium dihydrogen phosphate buffer solution  
             Sodium dihydrogen phosphate monohydrate (13.80 g) was dissolved in 900 ml of 
Millipore water. The pH was adjusted using a 400 g/l solution of sodium hydroxide. The 
final preparation was diluted to 1000 ml with Millipore water (European Pharmacopoeia, 
2013). 
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2.3.3.8 Potassium dihydrogen phosphate buffer solution 
 Potassium dihydrogen phosphate (6.80 g) was dissolved in 1l of Millipore water. 
The pH of 0.05 M phosphate buffer solution is 4.5 (European Pharmacopoeia, 2013). 
 
2.4 EXPERIMENTAL METHODS 
 
2.4.1 Molecular dynamics of biopolymers 
 
 For 80% (w/w) total solids pectin/polydextrose and 85% (w/w) total solids -
carrageenan/glucose syrup mixtures were evaluated molecular dynamics of composite gel 
matrices using thermal and rheological measurements. For MDSC analyses, a weighted 
amount of samples (10 mg) was sealed in an aluminium pan and then subjected to a 
reverse scan by cooling from 20 to -90°C and heating to the initial temperature at a 
controlled ramp rate of  1 °C/min. A difference in heat flow signals (W/g) of sample pan 
and an empty pan was reported including a mid-point Tg. 
Small deformation dynamic oscillation in shear was used to develop the 
viscoelastic components (G' and G'') of the gel network as a function of time and frequency 
of oscillation. Experiments were performed on a rheometer and samples were placed on 
the preheated plate at a temperature of 70-80°C. A geometry of 5 mm diameter was 
applied within the experimental temperature scope. Molten preparations were cooled 
beyond sub-zero temperatures at 1°C/min with a fixed frequency of 1 rad/s and strains of 
0.01% (pectin/polydextrose matrix) or 0.1% (carrageenan/glucose syrup matrix) that was 
recorded within the LVR region. The rheological Tg was derived from the TTS principle 
and WLF/modified Arrhenius equations. 
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Effect of spray drying on a molecular structure of protein and starch micro 
capsules was evaluated by DSC. A resuspended solution made up at 10% (w/w) total 
solids of microcapsules was heated from 20 to 85°C with a ramp rate of 1°C/min and then 
maintained at the highest temperature for 20 min. The initial, mid and end-point 
temperatures and enthalpy changes of endotherms (J/g) were calculated in order to probe 
protein denaturation and a starch gelatinisation. 
DMA measurements of protein and starch microcapsules were carried out to 
obtain a sinusoidal force resulting from a small deformation as a function of temperature. 
Viscoelasticity, force and the phase shift were performed in tension or compression mode 
at a scan rate of 2°C/min in the range of -100 to 140° C. The measured parameters were 
collected at a frequency and a strain of 1 Hz and 0.025%, respectively.  
 
2.4.2 Dynamic vitamin release studies 
 
For studies of vitamin release, temperatures were carfully controlled. Preweighed 
sample of gel matrices and microcapsules as well as the organic solvents were equilibrated 
in either the thermostatted waterbath or the freezer. A known amount of a high-solid gel or 
microcapsule with vitamin was transferred to a beaker and rounded with aluminium foil to 
avoid an exposure to light. Following equilibration for 30 min (in the waterbath) or 
overnight (in the freezer), the solvents in test tubes and samples were incubated at the 
observation temperature of interest. The solvent portion was poured swiftly to the beakers 
then the beakers were promptly closed with parafilm sheet to prevent solvent evaporation 
and returned to the observation temperature for immediate sampling of an aliquot thus 
setting the initial time of the experiment. Subsequently aliquots were taken, as follows: (i) 
ascorbic acid within 60 min for the temperature range of -30 to 20°C; (ii) thiamin within 
90 min for the temperature range of -22 to 22°C; (iii) nicotinic acid within 60 min for the 
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temperature range of 15 to 90°C; and (iv) tocopheryl acetate within 30 min for the 
temperature range of -30 to 70°C. 
Vitamin release from the high-solid matrices to the respective solvents was 
recorded in the form of absorbance using colorimetric methods and the spectrophotometer. 
The methods were based on reactions between ascorbic acid and 2,4 DNPH in ethanol 
(max= 521 nm), formation of a coloured thiamin/ABVR complex in ethylene glycol 
(max= 575 nm), the König reaction of nicotinic acid, cyanogen bromide and sulfanilic 
acid in DMSO (max= 450 nm), and the reaction between tocopheryl acetate and SPV 
reagent in ethanol (max= 525 nm) as shown in Fig. 2.14. A Calibration curves were 
constructed by dissolving vitamin in the appropriate solvents at particular concentrations 
and the same assay was applied for absorbance measurement as for the diffusion studies. 
 
2.4.3 High-solid matrices structural analysis 
 
 Structural analysis of high-solid gels and spray dried powder was performed by a 
series of techniques including FTIR spectroscopy, SEM and WAXD. FTIR spectroscopy 
was employed to pinpoint molecular interactions and chemical functional groups by 
scanning within the wavenumber range of 4000-650 cm-1. The crystalline and amorphous 
structure was examined using a diffractometer between 5° and 90° (2) at ambient 
temperature. Morphology of gold coated samples was observed by SEM in high-vacuum 
mode at different magnifications. For microcapsules, physicochemical measurements of 
particle size distribution, moisture content, water activity and colour profiles were also 
determined. 
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Fig. 2.14 Visible absorbance spectra of vitamin analysed with dye-binding assay based on 
(a) the chemical reactions between ascorbic acid and 2,4 DNPH in ethanol (max= 521 
nm), (b) formation of a coloured ion-pair complex between thiamin and ABVR in ethylene 
glycol (max= 575 nm), (c) the König reaction of nicotinic acid, cyanogen bromide and 
sulfanilic acid in DMSO (max= 450 nm), and (d) the reaction between tocopheryl acetate 
and SPV reagent in ethanol (max= 525 nm) 
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CHAPTER 6 
RELEASE OF TOCOPHERYL ACETATE IN RELATION TO 
FREE VOLUME OF STARCH MICROCAPSULES 
 
ABSTRACT 
 
The concept of glass transition for amorphous materials has been applied to predict 
the molecular mobility of food carbohydrates. To extend the important concept of nutrient 
delivery, spray-dried tocopheryl acetate microcapsules using modified waxy maize starch 
as encapsulating material were prepared to model the vitamin diffusion and 
macromolecular motion of starch governed by Tg. Thermal and rheological measurements 
including X-ray diffraction techniques were employed to propose amorphicity for the 
generated particles. Highly efficient micro particles were evaluated for the vitamin release 
rate as a function of time and temperature. Changes of high-solid viscoelasticity in 
spherical microcapsules have consequences for the levels of vitamin diffusion. 
Mathematical models based on Tg and free volume analysis tailored the dependence of 
nutrient diffusion in the vicinity of Tg, whereas the volume enlargement of the matrix with 
increasing temperature drives a higher release. This research suggested that an 
understanding of glass transition in high-solid amorphous carbohydrates offers a new 
window of encapsulation processes for the physical release of micronutrients. 
Keywords: waxy maize starch, tocopheryl acetate, glass transition, diffusional mobility, 
spray dried microcapsules  
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6.1 INTRODUCTION 
 
 The release of bioactive compound has applications in a wide variety of foods, 
drugs and nutraceuticals aiming to deliver and adjust diffusion at a specific dosage form, 
including target and release conditions. To allow understanding and predicting the release 
profiles, numerous theories, mechanisms and mathematical models have been developed 
based on a combination of releasing factors involving bioactive compound concentration 
and solubility, physicochemical and geometry of delivery devices, temperatures and time 
of release (Panyoyai, Bannikova, Small, Shanks, & Kasapis, 2015). Bioactive compound 
diffusion out of the device is one kind of mass transport processes that could be simply 
quantified the diffusion coefficient based on Fick’s laws of diffusion (Siepmann & 
Siepmann, 2008, 2012). In the unsteady state, Fick’s 2nd law relates the change in 
bioactive compound concentration as a function of time yielding diffusivity with respect to 
position of delivery device at a constant temperature. 
 Diffusion of bioactive compound in condensed biopolymer system is governed by 
glassy dynamics. Previous studies show the complexity of diffusion associated with 
thermodynamic and kinetics of polymeric materials (Panyoyai, Bannikova, Small, Shanks, 
& Kasapis, 2015; Paramita, Bannikova, & Kasapis, 2015). In a glassy state, the polymer 
has a less free volume due to a limitation of chain motion and entanglement in a non-
thermodynamic equilibrium. Diffusion of bioactive compounds in this region is a slow 
kinetic and no time-dependent effect of biopolymer relaxation. Similar to a glassy 
material, rubbery biopolymers relax in a very short time as compare to the diffusion-time 
scale thus allow the bioactive compound to freely flow out the polymer matrix. In both 
cases, literature has suggested Fickian’s concept is valid to explain the diffusion of fluid in 
glassy and rubbery state of porous foods (Takhar, 2008). However, Fick’s law based 
models are not sufficient to describe the release in biopolymers near a glass transition 
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where the macromolecule dynamic is governed by viscoelastic relaxation. The 
contribution of time-dependent of viscoelastic property has been observed in the non-
Fickian or anomalous diffusion (Kee, Liu, & Hinestroza, 2005). 
Food polymer based microcapsules behave more like brittle solids in the glassy 
state, whereas in the melt exhibit liquid-like properties. Macromolecular kinetics during a 
glass transition has been widely explained with Williams-Landel-Ferry equation and free 
volume theory indicating a linear of free volume fraction of viscoelastic materials as a 
function of temperature above glass transition (Ubbink & KrÜger, 2006). In contrast, in the 
classical reaction-rate theory, the modified Arrhenius kinetics predicts the glassy stability 
and flow processes in the rubbery regime (Palzer, 2005 & 2010; Sablani, Syamaladevi, & 
Swanson, 2010). The mechanical Tg is the thermodynamic parameter used to distinguish 
the glassy and glass transition regions. In a high-solid food polymer matrix, large scale 
motions of biopolymer segments are restricted in the glassy stage but diffusion of organic 
compounds increased the transport at elevated temperatures above Tg (Kasapis, 2009b).  
Core-shell system of vitamin/biopolymer microcapsule technique is of interest as 
vitamin delivery system (Chiu & Solarek, 2009; Laovachirasuwan, Peerapattana, 
Srijesdaruk, Chitropas & Utsaka, 2010; Palma-Rodriguez, Agama-Acevedo, Gonzalez-
Soto, Vernon-Carter, Alvarez-Ramirez, & Bello-Perez, 2013). In this study, the modified 
waxy maize starch carries lipid soluble vitamin, tocopherol acetate in high-solid contents 
to deserve a key role of the vitamin in the protection of bodily tissues from oxidation, 
assisting fertility, and maintaining immune and heart health (Buddrick, Jones, Morrison, 
Small, 2013; Lin, & Pascall, 2014). Spray drying allows the low viscosity of modified 
starch solution (Beirão-da-Costa, Duarte, Moldão-Martins, & Beirão-da-Costa, 2011; 
Gonzalez-Soto, da la Vega, García-Suarez, Agama-Acevedo, & Bello-Pérez, 2011) to 
form a glassy amylopectin network (Copeland, Blazek, Salman, & Tang, 2009; Jobling, 
2004; Singh, Singh, Kaur, Sodhi, & Gill, 2003; Kasapis, Sablani, & Biliaderis, 2000) and 
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preserve the vitamin in microcapsules during storage and release (Parada & Aguilera, 
2007; Turgeon & Rioux, 2011). Vitamin E release from spherical capsules was monitored 
in a broad range of 100°C. Thermomechanical analysis was employed to indicate physical 
changes in molecular mobility of polymeric matrices in terms of mechanical Tg and free 
volume fractions those parameters were then utilised to elucidate the vitamin release. 
 
6.2 EXPERIMENTAL PROTOCOL 
 
6.2.1 Materials 
 
6.2.1.1 Waxy maize starch 
A commercially modified waxy maize starch-Capsule (MS) was supplied by 
National Starch & Chemical Pty. Ltd., Bangkok, Thailand. The white starch powder 
comprised 91% carbohydrate, 0.5% protein, 0.15% fat, <0.5% ash and 7.85% moisture. 
6.2.1.2 α-Tocopheryl acetate 
 Vitamin E acetate [C31H52O3, molecular weight 472.74 g/mol] in a yellow liquid 
form (96% purity) was obtained from Sigma-Aldrich Pty. Ltd. The vitamin was stored at 
low temperature (4°C). 
6.2.1.3 Absolute ethanol 
Ethanol is colourless liquid (more than 99% purity). The freezing point and boiling 
point of the solvent is -115°C and 78°C, respectively (Material Safety Data Sheet from the 
chemical supplier), so it allows us to employ mobility studies in a wide range of 
temperature (-30 to 70°C). 
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6.2.1.4 Chemical reagents  
Vanillin, phosphoric acid solution (85%) and sulfuric acid (95%) were analytical-
reagent grade. All reagents were used without further purification and Millipore type II 
water was used as eluent in all experiments. 
6.2.2 Sample preparation 
 
 Maize starch dispersion was prepared by dissolving the powder in Millipore water, 
mixing for 2 hr, then heating at 70°C for 15 min to ensure thorough starch gelatinisation 
and encapsulate vitamin in a liquid form, as mentioned in the work of Fu, Wang, Li, & 
Adhikari (2012) and then holding at 4°C overnight. Before encapsulation, tocopheryl 
acetate was dissolved in absolute ethanol with the mixture being constantly stirred with a 
magnetic bar. In an aluminium-foil wrapped bottle, the heat-treated starch dispersion and 
vitamin in ethanol was optimised the final concentration containing the stock dispersions 
of 9.5% w/w starch with 0.5% w/w tocopheryl acetate. Homogenisation was carried out at 
3,500 rpm for 5 min through a shear homogeniser (Model T25D, IKA,Germany) to 
obtain a stable and uniform hydrophobic active core of tocopheryl acetate in starch 
solutions. The samples were then spray dried using a mini spray dryer (Model 
FT30MKIII, Keison products, Chelmsford, Essex, UK) with a 0.5 mm jet nozzle 
assembly. The spray dryer was equipped with a peristaltic pump, a cyclone separator, a 
hot air blower and an exhaust blower to produce microcapsules. 
The drying operation was run by feeding treated starch solution at ambient 
temperature into the drying chamber where they were atomised by the hot air from the 
blower (inlet and outlet temperatures at 120°C and 75°C, respectively) in a downward co-
current flow mode with the controlled air pressure of 250 kPa and the feed rate of 7.5 
ml/min. The spray-dried microcapsules were separated by a cyclone driven by the exhaust 
blower and gathered in closed vials with a known weight. The powder products were then 
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immediately sealed in amber glass bottles, weighted and stored at -30°C in the dark for 
further experimental analysis. 
 
6.2.3 Experimental analysis 
 
6.2.3.1  Vitamin release studies 
 
Vitamin release from microcapsules to ethanol was determined within 30 min for a 
range of temperature from -30 to 70°C. The 50 mg of microcapsules into twelve 25 ml 
beakers covered with aluminium foil for light protection and 5 ml of the organic solvent in 
beakers were separately incubated in a thermostatic water bath (Thermoline, Australia) for 
30 min at an experimental temperature. Each beaker represented a different sampling time 
of release for every experimental temperature, and measurements were duplicated 
resulting in a total of twenty four beakers. The solvent was then added using micropipette 
to the beakers without mixing with starch powders and then the containers were promptly 
sealed with stretchable film to minimise solvent evaporation. The systems were still 
incubated in the water bath for immediately sampling of an aliquot thus setting the initial 
time of kinetic release. A known aliquot of ethanol contain the vitamin was collected, 
diluted with absolute ethanol of a known amount and then filtered using a Whatman No.4 
filter paper of 20-25 µm pore size. The vitamin content in ethanol was quantified 
spectrophotometrically using a colorimetric method. 
Colorimetric determination of tocopheryl aceatate using a Lamda 35 UV/Visible 
spectrophotometer (Perkin Elmer, MA, Singapore) was used to examine the vitamin 
release in the form of absorbance measurements. Tocopheryl acetate in ethanol was 
determined based on the reaction using the Sulfo-Phospho-Vanillin (SPV) method 
(Paramita, Bannikova, & Kasapis, 2015). According to the modified method, 100 l of 
sample was placed in a glass tube then subjected to heating for 10 min at 100°C for a 
complete solvent removal. Residue was digested with 250 l concentrated sulfuric acid 
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for 10 min at 100°C. Five milliliters of the SPV reagent, a mixture of 3 g of vanillin, 0.5 g 
of Millipore water and 2 l of concentrated phosphoric acid, were added and mixed 
vigorously to allow formation of a pink adduct. 
The mixture was then incubated at ambient temperature for 30 min for complete 
colour formation. Final solutions were transferred into 1 cm glass cuvette for further 
reading of the vitamin absorbance at a set wavelength (max = 525 nm). A standard curve 
was drawn by diluting vitamin in ethanol at a series of concentration up to 0.1%. The 
blank test remained colourless. Average values are reported from triplicates with standard 
deviations below 0.05. 
6.2.3.2 Micro differential scanning calorimetry 
 Setaram Micro DSC VII (Seturau, Caluire, France) was used to perform the 
thermal event of gelatinisation for our materials. Starch solutions (total solids 10% w/w) 
both native form and resuspended microcapsules treated with gelatinisation at 70°C and 
then spray drying at an inlet temperature 120°C were accurately weighted about 850 mg 
samples with an equal amount of Millipore water in vessels. Sample was stabilised for 20 
min at 20°C prior heating from 20 to 85°C at a scan rate of 1°C/min. Setaram propriety 
software was used to determine the initial, mid and end-gealtinisation temperature of 
endotherms. Results reported for thermal experiments are of individual traces selected as a 
representative of duplicates. 
6.2.3.3 Dynamic oscillation measurements 
 A controlled strain rheometer ARG2 (TA Instrument, New Castle, DE) was used to 
examine the gelatinisation and subsequent structure formation of 10% (w/w) total solids 
content native starch and microcapsules heated at 70oC before spray drying at an inlet 
temperature 120oC. Small deformation experiments in shear were performed using a 
parallel-plate geometry of 40 mm in diameter in order to record the storage modulus (G/, 
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elastic component) and loss modulus (G//, viscous component) of the network as a function 
of temperature. Samples were introduced on a Peltier plate at 20°C, with the outer edge 
being covered throughout with a thin layer of low density silicon oil was performed by 
heating solutions to 85°C at a scan rate of 1°C/min and holding there for 20 min. The 
strain and angular frequency were set constantly during the heating ramp at 1% (within the 
linear viscoelastic region) and 1 Hz, respectively. Consistent results were obtained from 
duplicate experiments. 
6.2.3.4 Dynamic mechanical measurements 
A dynamic mechanical analyser (Perkin_Elmer DMA 8000, Waltham, MA, USA) 
was used to investigate the mechanical property of spray dried starch/vitamin E 
microcapsules in compression mode. The thermogram of a sinusoidal force resulted in a 
small deformation as a function of temperature yielding storage modulus (E/), loss 
modulus (E//), tan delta values, and the Tg was identified from the maximum peak in the 
loss tangent. The amplitude of the deformation was performed at a heating rate of 2°C/min 
from -100 to 140°C, with liquid nitrogen as the coolant. The measurement parameters 
were collected at a frequency of 1 Hz and a strain of 0.02%. Duplicate runs were recorded 
and low-variation averages are presented. 
6.2.3.5 Wide angle X-ray diffraction 
 X-ray powder diffraction measurements were studied on D4 Advanced Bruker 
AXS (Karlsruhe, Germany) equipped with nickel-filtered Cu/Kα radiation source. 
Standard sample holders were carefully filled with approximately 0.5 g sample to 
determine its crystallinity. WAXD patterns between 5° and 90° (2) were recorded under 
the following conditions: an accelerating voltage of 40 kV, tube current of 40 mA and 
step-scan mode with a step size of 0.1°/min. The degree of crystallinity of samples (the 
area of crystalline region and area of amorphous region) was estimated using the method 
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described by Moreau, Bindzus, & Hill (2011) and the Bruker X-ray solutions software, 
Eva (DIFFRACplus Evaluation, version 10.0 revision 1). Results reported for WAXD 
measurements at ambient temperatures (22°C) are of individual traces selected as 
representative of duplicates. 
6.2.3.6 Fourier transform infrared spectroscopy 
     Transmission FTIR of white powder samples were examined to identify molecular 
aspects of vitamin/starch microcapsules using a Perkin Elmer Spectrum 100 spectrometer 
(Perkin Elmer, MA, USA) equipped with MIRacleTM ZnSe single reflection ATR plate. 
We ensured that sample loading was consistent throughout the various transmission runs. 
All sample spectra were collected within the wavenumber range of 4000-650 cm-1 by 
averaging 8 scans at 4 cm-1 resolution. 
6.2.3.7 Conventional scanning electron microscopy and optical microscopy 
Morphology of the specimens was observed by a scanning electron microscope, 
Philips XL30 SEM (Edwards High Vacuum, Sussex, England). The particles were 
deposited on conductive double-faced adhesive tape and subsequently sputter-coated with 
gold. SEM observations were performed with conditions of a high-vacuum mode at an 
operated voltage of 15 kV, spot size (from 4.5 to 5 nm) and observing distance at 10 mm 
resulting in high quality microscopic images of the present magnification at 3000X. An 
optical microscope (Nikon eclipse, Nikon H550s, Japan) with the cross polarisation during 
images was used to investigate the spray dried powder at 200X of a magnification. 
 
 
 
 
 
 
128 
 
6.2.3.8 Other physicochemical measurements 
 Particle size distribution of microparticles was determined with a laser light 
scattering method (Mastersizer 3000, Malvern Instruments, and Worcestershire, UK). 
Encapsulation yield (microcapsule weight to initial weight of starch plus vitamin), 
encapsulation efficiency (weight of tocopheryl acetate in capsule to initial weight of the 
vitamin) were calculated with an adapted methodology of Rocha, Fávaro-Trindade, & 
Grosso (2012) using absolute ethanol as solvent of the vitamin and a spectrophotometer 
(reading absorbance of the vitamin in the visible wavelength at 525 nm as explained in the 
previous section). Moisture content, water activity and colour profiles of the microcapsules 
were also obtained and results are reported in Table 6.1. 
 
 
Table 6.1 Physicochemical characteristicsa of waxy maize starch microcapsules spray-
dried at an inlet temperature 120°C with and without tocopheryl aceatate 
Sample MS MS+tocopheryl acetate 
Encapsulation yield (%) - 57.963.27 
Encapsulation efficiency (%) - 89.951.23 
Moisture content (%) wet basis 10.82 0.20 10.470.06 
Water activity 0.24 0.24 
L* colourb 100 100 
a* colour -0.16 -0.21 
b* colour 6.53 7.24 
Particle size distribution (Dv 90) (µm)C 130.1 150.2 
Note  an = 3 
                 b L* = lightness axis (0 is black, 100 is white); a* = red-green axis (“+” values are   
          red, “-” values are green, o is neutral); b* = blue-yellow axis (“+” values are yellow,  
          “-” values are blue, o is neutral) 
c Dv 90 refers to the maximum size of particle which 90% of the sample lies.  
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6.3 RESULTS AND DISCUSSION 
  
6.3.1 Release mechanism of tocopheryl acetate/starch microcapsules  
 
 Small-scale mobility of vitamin release from the encapsulation could be obtained 
release profiles as a function of observing time and temperature of the material. It is 
important to first explore release mechanism in relation to the bioactive compound 
diffused from device behaving as semipermeable membrane (Kasapis, 2009a). As 
mentioned in Materials and Methods, this study aims to use the Sulfo-Phospho-Vanilin 
(SPV) method (Knigh, Anderson, & Rawie, 1972) to quantify the tocopheryl acetate 
activity. Reaction sequence in three steps suggests that the concentrated sulfuric acid 
reacts with the vitamin in the initial step to form a carbonium ion and then the phosphoric 
acid reacts with vanillin to produce a phosphate ester. Finally, the carbonium ion reacts 
with the carbonyl group of phosphovanillin to form a charged colour complex, which is 
absorbed at a maximum wavelength of 525 nm. A standard curve (R2 = 0.992) obeying the 
Beer-Lambert plot up to 0.7 A is produced to demonstrate the relationship between the 
absorbance intensity and vitamin concentration. Ethanol served as a transport medium 
because of its high solvation capacity with tocopheryl acetate and lack of inference with 
the amorphous starch molecules (Lon, Lii, & Chang, 2005) 
 Fig. 6.1a compares the absorbance of vitamin diffusion within the maize starch 
matrix as a function of the time of observation. These clearly illustrate the considerable 
effect of experimental temperature on the release from -30 to 70°C with an increase in 
colour intensity within 2 min of all experimentations. Fig. 6.2b shows the release profile 
as a function of the broad temperature range employed presently to demonstrate a 
monotonic increase in reading absorbance and vitamin release (%). Plotting focused on 
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release in the first 2 min since longer timescales produced overlapping traces of 
observation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1 Kinetic release of tocopheryl acetate from spray dried modified waxy maize 
starch microcapsules to ethanol (a) as a function of the time of observation at -30 (○), -20 
(□), -10 (∆), 0 (), 10 (+), 20 (x), 30 (_), 40 (●), 50 (■), 60 (▲) and 70 (♦)°C, and (b) as 
a function of experimental temperature for the periods of 20 (○), 30 (□), 50 (∆), 60 () 
and 120 (x) s 
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Next, we addressed the transport rate, determining the vitamin’s diffusion in the 
medium of this investigation, by considering the concept of Fickian release described by 
the following power law equation (Ritger, & Peppas, 1987): 
 
 (6.1) 
where, Mt/M is the ratio release of a bioactive compound over the release time, t, k is a 
constant of the bioactive compound-biopolymer system, and n is the diffusion exponent 
for the release mechanism. For spherical geometries, perfect Fickian diffusion is 
characterised by an n-value of 0.43, Case II diffusion is defined by an n-value of 0.85 
making the range of n-values between 0.43 and 0.85 anomalous transport, whereas low 
diffusion rates yield n-values below 0.43 describing a Less-Fickian release (Kuang, 
Oliveira, & Crean, 2010; Ritger, & Peppas, 1987). 
Absorbance data in Fig. 6a was used to produce fundamental parameters from the 
gradient and intercept of the plot ln Mt/M vs ln t (s) in Equation (6.1). These fits are 
shown in Fig. 6.2, which allow estimation of the diffusion exponent and gel characteristic 
constant in our system. As reproduced in Table 6.2, all n-values are less than 0.43 for the 
experimental temperature range of -15 to 70°C. As for n values, Less-Fickian mechanism 
has also appeared in published reports in relation to the mobility of omega-3-fatty acids in 
the dense state of a vitrified carbohydrate matrix (Paramita, Bannikova, & Kasapis, 2015). 
Another possible explanation is the small mesh size of a complex three-dimensional 
network in condensed amylopectin matrix compared to the bulky structure of tocopheryl 
acetate leading to entrapment and reduction in the mass transport rate. It could be 
hypothesised that the vitamin release is controlled by the diffusion mechanism through 
macromolecular chain mobility of an amorphous wall material which will be further 
investigated using the concept of glassy dynamics. 
𝑀𝑡
𝑀∞
= 𝑘𝑡𝑛  
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Fig. 6.2 Plot of ln (Mo/M∞) vs ln t (s) for spray dried waxy maize starch plus tocopheryl 
acetate (at an inlet temperature 120°C) at -30 (○), -20 (□), -10 (∆), 0 (), 10 (+), 20 (×), 
30 (_), 40 (●), 50 (■), 60 (▲) and 70 (♦)°C  
 
Table 6.2 Diffusion exponents (n) and gel characteristic constant (k) for the release of 
tocopheryl acetate from the high-solid waxy maize starch capsules 
Temperature (°C) Diffusion exponent (n) Gel characteristic constant (k)  10-2 
-30 0.23 8.3 
-20 0.25 6.1 
-10 0.21 8.1 
0 0.17 14.6 
10 0.19 12.2 
20 0.17 21.7 
30 0.22 10.4 
40 0.24 6.1 
50 0.28 5.4 
60 0.30 3.5 
70 0.39 1.5 
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6.3.2 Thermorheological profiles and glassy dynamics of waxy maize starch/tocopheryl 
acetate microcapsules 
 
 Conformational transitions subsequent to temperature of microcapsules could be 
investigated using micro differential scanning calorimetry providing enthalpy and 
thermodynamic transition temperatures. DSC studies (Fig. 6.3) have shown that 
thermograms of the native waxy maize starch dispersion at 10% (w/w) total solids create a 
broad endothermic transition temperature at 51.23, 61.65 and 67.65 for onset (To), peak 
(Tp) and conclusion (Tc), respectively. The overall enthalpy (∆Hgel) is estimated at 0.83 J/g 
for irreversible changes in physicochemical properties including granular swelling, native 
crystallinity melting, loss of birefringence, and starch solubilisation (Marcotte, Sablani, 
Kasapis, Baik, & Fusteir, 2004; Muñoz, Pedreschi, Leiva, & Aguilera, 2015; Russel, 1987; 
Shanks & Gunaratne, 2011; Singh, Kaur, & McCarthy, 2007). Conversely, the thermal 
transition of 10% (w/w) resuspended microcapsule solution consisting of 9.5% waxy 
maize starch and 0.5% tocopheryl acetate produced following thermal induced structural 
conformation with heat treatment at 70°C and spray drying at 120°C inlet temperature has 
a complete loss of molecular order and crystallinity to interfere the release characteristic. 
 Dynamic oscillation in shear using the technique of temperature scan was 
performed to develop a structure of starch suspensions (10% (w/w) total solids) during 
controlled heating as illustrated in Fig. 6.3. At the temperature below 40°C, a native waxy 
maize starch solution shows a rapid rise in storage modulus (G/) resulting from the heating 
temperature and reached a maximum at approximately 70°C (TG
/ max). Similar pattern 
occurring as upward moving viscous modulus trace, G// (data not shown) was because of 
gelatinisation of the starch fraction. Kong, Kasapis, Bao, & Corke (2009) concluded that 
starch granule swelling and leaching starch biopolymer chains based on the melting 
temperature had resulted in the partial loss of starch granule integrity and the formation of 
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a composite network of hydrated starch. During prolonged heating, a dynamic rheological 
test resulted in the increase of both moduli, indicating an extended rupture and 
disintegration of starch granules, melting of the crystalline region remaining in the swollen 
starch granules, and also weakening of inter-chain interactions of macromolecule mobility. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3 Micro-DSC thermograms at a scan rate 1oC/min (close symbols) and storage 
modulus variation performing at a frequency of 1 Hz and a strain of 1% (open symbols) of 
10% native waxy maize starch (■,□) and resuspended 9.5% modified waxy maize starch 
plus 0.5% tocopheryl acetate spray dried at an inlet temperature 120°C (♦,) 
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Regarding the process of spray drying, feed solutions of vitamin E/waxy maize 
starch at 10% (w/w) total solids as well as resuspended microcapsule solutions at the same 
total solids have relatively flat spectra during a temperature sweep. Using modified starch 
as encapsulating agent confers emulsifying properties between the vitamin and water 
leading to a very low viscoelasticity of a homogeneous mixture. It is suggested from 
literature of Duongthingoc, George, Katopo, Gorczyca, & Kasapis (2013) that biopolymer 
was treated with the current thermal conditions of the spray drier as discussed earlier from 
differential scanning calorimetry and the formation of three-dimensional network in 
rheology. 
The material science of carbohydrate matrices relates to the molecular mobility of 
small organic molecules on temperature variation. The upward trend in the diffusion of the 
vitamin is shown by increasing the microcapsule temperature up to 70°C in Fig. 6.1b and 
the nature of the completely gelatinised starch matrix, from DSC as well as from 
rheological measurement in Fig. 6.3, elaborates the concept of glassy dynamics as a 
physical approach for the release of the micronutrient. This is reexamined in Fig. 6.4, 
reporting the heating profile in compression storage (elastic) element of a condensed waxy 
maize starch material (~90% w/w solids from data in Table 6.1) being spray dried at the 
inlet temperature of 120°C. Tan  maximum, i.e. the ratio of E///E/, has been pinpointed 
here and it appears to be approximately -15°C. This refers to an empirical index of the 
mechanical Tg in relation to delivering the vitamin in a high-solid carrier (Panyoyai, 
Bannikova, Small, Shanks, & Kasapis, 2016). 
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Fig. 6.4 Storage modulus (E/; ♦) and tan  (○) variations as a function of temperature for 
waxy maize starch plus tocopheryl acetate spray dried at an inlet temperature 120°C (scan 
rate is 2°C/min; frequency is 1 Hz) 
 
6.3.3 Molecular fingerprints and charaterisation of waxy maize starch/tocopheryl acetate 
systems 
 
 With the gained background of the biopolymer-vitamin system, physicochemical 
and morphological characteristics of vitamin E microcapsules spray-dried at 120°C were 
examined in comparison to a free vitamin counterpart and summarised in Table 6.1. 
Considerable encapsulation yield and high retention were produced from the amylopectin 
and micronutrients of the dried microcapsules thus minimising the effect of surface oil 
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(8.13%) to agglomerate powders on the interior of the drying chamber (Rocha, Fávaro-
Trindade, & Grosso, 2012). Formulated vitamin powders also have low levels of moisture 
content and water activity, being stable against deterioration from chemical reactions and 
microorganisms (Anwar & Kunz, 2011: Jayasundera, Adhikari, Adhikari, & Aldred, 
2011). The colorimetric parameters of the vitamin loaded powder are similar to the spray-
dried starch powder, indicating a colour consistency of bright white shade. Finally, 
particle means diameter shows a small particle size at approximately 15 µm resulting from 
the droplet formation of low emulsion viscosity during atomisation. 
 X-ray diffraction analysis was performed to investigate the molecular aspects of 
the structure of waxy maize starch and spray dried powder with or without added vitamin. 
According to Fig. 6.5, starch obtained from the supplier shows an A-type crystallisation 
(Cai, Shi, Rong, & Hsiao, 2010) calculating the degree of crystallinity to be 11.33%. The 
material exhibited triple peaks at 14, 16 and 22° of the lowest diffractogram. When the 
material underwent gelatinisation following spray drying, this structure was affected by 
heat treatment resulting in a small tendency of crystallinity (1.02%) exhibiting clear 
reflections at 2 Bragg angles between 10 and 30°. The morphology of starch in the 
addition of tocophryl acetate maintains the disorganised form (amorphous) profile of the 
spray dried starch matrix as well as tocopheryl aceate, indicating vitamin retention in the 
high-solid starch microcapsules. Diffraction analysis of all starch samples in this study 
reveals a specific pattern of the starch derivative like glucose, which is commonly present 
in modified starch as well as in a heterocyclic glucose attached to aromatic ring of 
tocopheryl acetate, with a well specified peak at approximately 43°. 
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Fig. 6.5 X-ray diffractograms (a) and FTIR absorbance spectra (4000-650 cm-1) (b) of 
waxy maize starch powder as received by supplier, spray dried maize starch at an inlet 
temperature 120°C , spray dried maize starch plus tocopheryl acetate (120°C), and 
tocopheryl acetate arranged successively upwards 
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In order to investigate possible intermolecular associations of tocopheryl aceate 
entrapped in waxy maize starch microcapsules, FTIR spectra identified the conformational 
characteristics of starch molecules of maize starch, spray dried materials and pure vitamin, 
as compared in Fig. 6.5. All the starch materials have an increase in intensity in the range 
3600-3430 cm-1 which is hypothesised to be a great number of inter- and intra-molecular 
hydrogen bonds in capsule formation during the spray drying process. The starch spectrum 
is characterised by C-H bonds and CH2 stretching at 2961 cm
-1, and C-O bonds in the 
range 1150-1000 cm-1. There is similarity between the spectra of spray-dried 
microcapsules and vitamin having the same characteristic overlapping bands arising from 
CH2 stretching variation modes between 2965 and 2875 cm
-1.The assignment bands of 
tocopheryl aceate is dominant in CH2 stretching at 2934 cm
-1, C=O at 1759 cm-1, C-O of 
CH3COOR at 1218 cm
-1, C-O-C in the tocopherol ring at 1199 cm-1 and skeletal vibration 
of tocopherol rings at 1090 cm-1 (Gerasimov, Gubarera, Blokh, Cherkasova, & 
Berezovykw, 1984). This is a clear result that there are homogeneous microcapsules 
without obvious chemical associations. 
Finally, The SEM observation of the surface topology of raw materials and spray 
dried waxy maize starch/tocopheryl acetate was examined using conventional electron and 
optical microscopy. In Fig. 6.6a, the morphology of commercial maize starch powder has 
an irregular polyhedron-shaped granule with a wide distribution of sizes ranging from 5 to 
20 µm. The granule morphology appears to be aggregated and deformed upon starch 
modification.This contrasts strongly with the unshaped characteristic of tocopheryl acetate 
(Fig. 6.6b). Image obtained from spray-dried maize starch at 120°C in Fig. 6.6c. shows a 
relatively homologous particle size distribution that is less than 15 µm (Table 6.1) and 
roughness on the surface due to  rapid evaporation of drops of liquid during the 
atomisation (Carneiro, Tonon, Grosso, & Hubinger, 2013; Rocha, Fávaro-Trindade, & 
Grosso, 2012). 
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Fig. 6.6 SEM Micrographs of (a) waxy maize starch powder from supplier, (b) tocopheryl 
acetate, (c) spray dried waxy maize starch at an inlet temperature 120°C, (d) spray dried 
waxy maize starch plus tocopheryl acetate (120°C) at a magnification of 3000X, (e) 
optical observations of waxy maize starch powder from supplier, and (f) spray dried waxy 
maize starch plus tocopheryl acetate (120°C) at a magnification of 200X  
 
It is evident that the encapsulated tocopheryl acetate by the spray dried starch wall 
also produced micro-size particles (Fig. 6.6d.), with smooth, spherical shape and less 
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imperfections. Observing the external morphology using the optical microscope, 
commercial waxy maize starch (Fig. 6.6e) illustrates birefringence of semi-crystallinity. 
The loss of birefringence tends to be minimised during heating in the presence of large 
amounts of water leading to granule transformation into formless cells (Fig. 6.6f). 
 
6.3.4 Application of free volume theory to rationalise the diffusional mobility of tocopheryl 
acetate in starch based microcapsules 
 
 The material science of amorphous food matrices relates to the molecular mobility 
of small organic molecules on temperature variation. Ferry (1980) has shown for 
amorphous polymers above the Tg the fractional free volume increases linearly with 
temperature, which is expressed in the Williams, Landel and Ferry (WLF) equation:  
  
(6.2) 
where, aT is the shift factor of viscoelastic functions,      and         represent the WLF 
constants at a reference temperature, To,  fo is the fractional free volume at To (the ratio of 
free to total volume of the macromolecule), 
f
 is the thermal expansion coefficient, and B 
is usually set to 1. 
In calculating the WLF parameters, i.e. factor aT and fractional free volume, we 
replaced the value of Tg from the tan  data in Fig. 6.4 as the reference temperature; 
therefore fo is now fg. Further,       and       were 7.53 and 59.48 deg
-1, respectively, from 
the literature for condensed starch metrix (Shrinivas & Kasapis, 2010). The remaining 
parameters of the WLF model, i.e. fg and f, are 0.048 and 9.7×10
-4 deg-1, respectively. Fig. 
6.7 depicts a non-exponential curve displaying a relationship in the progression of 
viscoelastic functions with changing temperature. It extends from -15 to 70°C, i.e. within 
the temperature range where, according to results in Fig. 6.3, the absence of energetic 
𝐶2
0  
log𝑎𝑇 = −
𝐶1
𝑜(𝑇 − 𝑇𝑜)
𝐶2
𝑜 + 𝑇 − 𝑇𝑜
= −  
(𝐵 2.303𝑓𝑜 )(𝑇 − 𝑇𝑜)
 𝑓𝑜 𝛼𝑓  + 𝑇 − 𝑇𝑜
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barriers to conformational rearrangement prevents changes in the thermodynamic nature 
of the waxy maize starch matrix.  
Based on Fig. 6.1 in relation to the diffusion of tocoperyl acetate within the matrix 
of spray dried starch, we considered a good linear relationship for the six readings of 
absorbance vs time. This section of the spectrum can be treated as a zero-order kinetic 
reaction with the gradient being constant at k = dx/dt (Panyoyai, Bannikova, Small, 
Shanks, & Kasapis, 2016). A spectroscopic shift factor (log ko/k) is then advanced 
covering the changing temperature range from -30 to 70°C, where ko is the rate constant at 
the reference temperature of -10°C. Spectroscopic shift factors for the molecular transport 
of tocopheryl acetate as a function of experimental temperature are also plotted in Fig. 6.7, 
and modelled using a modified expression of the Arrhenius equation, which utilises a set 
of two experimental temperatures (Kasapis, 2000): 
 
(6.3) 
where, Ea is the activation energy of molecular reorientation from a glassy state to a glass 
transition, and R is the universal gas constant. 
Results of the spectroscopic shift factor with temperature follow well Equation (6.3) 
returning a highly linear correlation (R2 = 0.910). Activation energy for the diffusional 
mobility of the vitamin was thus estimated to be 17 kJ/mol, with the corresponding 
parameter for the biopolymer matrix at the Tg of -15°C being 127 kJ/mol. Treatment of 
results from Fig. 6.7 argues that although the glassy consistency of the starchy matrix 
controls vitamin transport, the structural relaxation of the two constituents, leading to 
molecular mobility of the active ingredient in microcapsules, follows distinct kinetic rates. 
 
 
 
log𝑎𝑇 =
𝐸𝑎
2.303𝑅
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Fig. 6.7 Logarithmic shift factor (aT) as a function of temperature for waxy maize starch-
tocopheryl acetate microcapsules (left- y axis, ♦), and tocophyryl acetate being release 
from the starch matrix to ethanol (right y-axis, ▲), with the arrow indicating the 
estimated mechanical Tg from WLF equation  
 
The concepts of free volume and reaction rate theories from Equations (6.2 & 6.3) 
unveil the molecular dynamics responsible for the diffusion of tocopheryl acetate within a 
waxy maize starch matrix spray dried at 120°C. Fick’s second law can be further utilised 
to estimate the diffusion coefficient, D, of a vitamin within a solid-like macromolecular 
system in a glassy state and above Tg (Crank, 1975; Rehage, Ernst, & Fuhrmann, 1970). It 
describes the transport of such molecules from the core of the biopolymer matrix to the 
external collection tank due to a concentration-gradient differential. In this study, we 
considered spherical microcapsules well-mixed infinite sink, only diffusion in the radial 
direction (Meinder & van Vliet, 2009; Siepmann, & Siepmann, 2008) and regardless the 
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chemical interactions between vitamin and starch matrix. Earlier work in various our 
biomaterials demonstrated the release following relationship (Garbado, Rech, & Ayub, 
2011):  
                                                                                                                              (6.4) 
where, Mi, Mt, and M∞ denote the absolute amounts of the diffusant compound released at 
times zero, during experimentation and infinity/equilibrium at each experimental 
temperature (Fig. 6.1 in our case), and R is the radius of microcapsules (7.5 m in Table 
6.1). 
Fig. 6.8 depicts values of the effective diffusion coefficient for tocopheryl acetate 
as a function of experimental temperature in spray-dried waxy maize starch 
microcapsules. These show a considerable decrease approximately half  an order of 
magnitude from 18.34 × 10-14 m2/s at 70°C to 9.3 × 10-14 m2/s at the Tg (-15°C) of the 
system. Thereafter, i.e. at temperatures that lie within the solid-like glassy state, Deff is at 
its minimum value. Variation in this essential parameter of the Fickian model follows 
closely progress in the fractional free volume of the starch matrix that is calculated from 
data in Fig. 6.7 and is also plotted in Fig. 6.8. Thus, values of the fractional free volume 
drop rapidly in the glass transition region, e.g. from 0.099 at 70°C, to a constant minimum 
within the glassy state, e.g. 0.037 at -15°C. Beyond -15°C, i.e. at the point of 
thermodynamic discontinuity, values of Deff also increase to reflect the thermal effect on 
the malleable dense starch matrices and enhanced diffusional kinetics of the bioactive 
compound. 
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Fig. 6.8 Effective diffusion coefficient of tocopheryl acetate from spray dried waxy maize 
starch to ethanol as a function of temperature (●, left y-axis) and fractional free volume of 
the spray dried waxy maize starch matrix (at an inlet temperature 120°C) (○, right y-axis), 
with the arrow pinpointing the estimated mechanical Tg  
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6.4 CONCLUSIONS 
 
 Edible lipid-soluble vitamin microcapsules were prepared by employing waxy 
maize starch as a biopolymer encapsulating agent of tocopheryl acetate (vitamin E). The 
structure-function relationship was associated with the thermal and rheological properties 
of the matrix for vitamin release in order to allow recording of the diffusion of tocopheryl 
acetate at a broad time and temperature function. This study clearly demonstrates that the 
mechanical Tg has a strong influence on the release property as a result of the changing 
microcapsule viscoelasticity. The gelatinised starch has an amorphous domain in its 
structure facilitating application of the sophisticated synthetic polymer approach that was 
employed to characterise the diffusion around the Tg of the matrix. Furthermore, an 
extension of the free volume theory concerned with nutrient mobility during kinetic 
release was a core principle aiding the understanding of control release kinetics based on 
diffusion coefficient. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 
ABSTRACT 
 
Delivery of techno- and biofunctionality in all-natural processed foods is an area of 
steadily increasing fundamental and technological interest. One of the primary aspects in 
this field is the diffusion of bioactive ingredients that have been incorporated in high-solid 
biopolymer matrices. Organoleptic considerations dictate that the delivery vehicles 
incorporate a highly amorphous fraction in the polymer network. Molecular diffusion in 
the amorphous state is a complex process associated with the effect of Tg on the mobility 
of low molecular weight constituents. The four experimental chapters of this Thesis have 
documented the presence of a mechanical Tg in hydrocolloid/cosolute mixtures, and this 
has been modelled with the combined framework of the WLF equation/free volume 
concept. This approach has then formed the basis for a study of the inclusion of vitamins 
and monitoring their diffusional mobility from high solid matrices. Evidence of non-
Fickian phenomena were observed that allowed estimation of the effective diffusion 
coefficient in these systems. From these investigations, it became apparent the literature 
lacks any rigorous reports on the relationship of matrix free volume and its effects on the 
transport phenomena of microconstituents. The contribution of the research reported in 
this Thesis is to develop such a relationship based on current experimental results and 
discuss its potential application to other published work. 
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7.1 CRITICAL DISCUSSION 
 
Cohen & Turnbull (1959) advanced a theory that was extended by Duda (1985) in 
order to describe molecular diffusion phenomena in concentrated polymer systems on the 
basis of the free volume concept. As reproduced in Fig. 7.1, the total volume of a highly 
viscous liquid can be considered to consist of two regions, the actual volume occupied by 
the molecules and the space or free volume surrounding these molecules. However, it is 
difficult to correlate the total free volume of the system with molecular transport in the 
form of rheological properties and an effective diffusion coefficient because the occupied 
volume is independent of temperature and cannot be redistributed without overcoming a 
barrier of a high activation energy. 
 
 
 
 
 
 
 
 
 
 
Fig. 7.1 Specific volume-temperature behaviour of a concentrated amorphous polymer ; 
A, volume of equilibrium liquid; B, volume of non-equilibrium liquid (glass); C, Total 
volume of occupied volume and interstitial free volume and D, occupied volume (Vrentas 
& Vrentas, 2013). 
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The remaining volume allotment, i.e. unoccupied free volume has been divided 
into interstitial free volume and hole free volume. Vrentas & Duda (1977a,b,c) believe that 
the interstitial free volume involves high activation energies with no cooperative 
movement in the diffusion processes. The remaining fraction of the unoccupied volume is 
the hole free volume. This is presumed to dictate molecular transport required for a 
relatively effortless distribution. Cavities of the free volume are pictured as being formed 
by general withdrawal of the surrounding viscous liquid molecules due to a random 
molecule migration. Following migration, generated voids are filled by the reverse 
process. Vrentas &Vrentas (2013) assumed that holes or vacancies are homogeneous 
expansions with no energy change along the vibrational pathways of the macromolecule. 
A basic concept in the free volume theory is that the polymer moves gradually by the 
migration of chain segments, and the relative size of the free volume holes is sufficient for 
the mobility of a small component. 
Fig. 7.1 also illustrates the temperature dependence of the volume of a liquid. 
Upon cooling below the freezing point of a polymer melt, the random motion of the chain 
naturally slows. To maintain a thermodynamic equilibrium state, the specific volume of 
the melt decreases with decreasing temperature. If the liquid is cooled sufficiently fast but 
densification does not occur, crystallisation can be avoided to yield a non-equilibrium 
state. This glassy state will be formed at the critical point of Tg  (Debenedetti & Stillinger, 
2001). Below Tg, the amount of extra free volume in a glassy material exhibits qualitative 
characteristics such brittleness and rigidity. The diffusion coefficient in the excess free 
volume of the glass would be maintained constant if the amount of hole free volume is 
unchanged. In fragile porous liquids, however, a break will occur in the diffusivity vs 
temperature relationship in the vicinity of Tg  and the diffusion processes in the glassy state 
will actually be faster than estimates determined from measurements in the glass transition 
region (Karel, Anglea, Buera, Karmas, Levi, & Roos, 1994). 
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Diffusion of small molecular solutes including monomers, oligomers, additives, 
contaminants or degradation products in polymer materials usually relates primarily to 
temperature, concentration and geometry of penetrants and polymers (Fang, Domenek, 
Ducruet, Réfrégiers, & Vitrac, 2013). Increasing temperature above Tg enhances the 
molecular diffusion reflecting Brownian movements and rotations of groups of atoms or 
polymeric segments around covalent bonds (Roudaut, Simatos, Champion, Contreras-
Lopez & Le Meste, 2004). In addition to temperature, diffusion in polymers can be 
influenced by the penetrant which can be a good solvent for the polymer. Molecular 
transport in the concentrated polymer-penetrant system at penetrant weight fractions of 
less than 0.8 is a complex system because of the numerous degrees of freedom and 
complex intra-molecular and inter-molecular interactions. Geometry of penetrants and 
polymers also controls the rate of diffusion including penetrant size being comparable to 
the monomeric unit of a polymer, polymer molecular weight and polymer morphology 
particularly crystallinity, crosslink density, orientation and network structure. These 
factors render predictions of the diffusion coefficients in practical circumstances a 
complex task (Duda, 1985; Kou, 2000). 
 Measurements of the diffusion coefficient of small molecular penetrants in 
polymer often assume Fickian characteristics at temperatures above the Tg of the system. 
The use of a classical diffusion theory is fully sufficient for describing the mass transport 
and diffusion coefficients that can be calculated by sorption or permeation approaches. 
However, diffusion involving mechanisms based on the coupling or molecular migration 
diffusion processes near Tg would require more complex mechanistic theories such the 
free volume theory mentioned earlier. In biopolymeric systems, free volume concepts 
have been applied to model transport properties of small molecules in water sorption 
dynamics of bread crust (Meinders & van Vliet, 2009), glucose homopolymers (van der 
Sman & Meinders, 2013), polydextrose (Ribeiro, Zimeri, Yildiz, & Kokini, 2003) and the 
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drug release mechanisms of paclitaxel loaded in the biodegradable nanostructured hybrid 
polymer, called polyhedral oligosilsesquioxane thermoplastic polyurethane (Guo, Knight, 
& Mather, 2009). 
In comparable time scales, the mobility of solvent molecules and the processes of 
polymer chain rearrangement take place simultaneously during viscoelastic diffusion.  
Non-Fickian phenomena are usually expected in mixed transport mechanisms at 
temperatures as high as 60oC above Tg , and including those near and below Tg (Duda, 
1985). Anomalous behaviour as described by the power-law model (Korsmeyer, Gurney, 
Doelker, Buri, & Peppas, 1983; Ritger & Peppas, 1987), coupled diffusion-relaxation 
processes of water soluble vitamins and a special case of Less Fickian diffusion of vitamin 
E acetate have been now observed in micronutrient release from high-solid biopolymer 
matrices (Panyoyai, Bannikova, Small & Kasapis, 2016 & 2015; Panyoyai, Bannikova, 
Small, Shanks, & Kasapis, 2016, i.e. Chapters 3, 4, 5 & 6 of this Thesis). In the case of 
Less Fickian patterns, a “hopping” mechanism might enable large nonsticky vitamins to 
slide along polymer chains following polymer relaxation at long time scales in melted 
conditions (Cai, Panyukov, & Rubinstein, 2015). Table 7.1 summarises the vitamin release 
characteristic parameters of non-Fickian transport obtained from the work described in 
this Thesis. 
Diffusion data in our high-solid systems were recorded at conditions of the glass 
transition region. At temperatures just above Tg , the extra hole free volume will relax very 
slowly towards a kinetically trapped equilibrium leading to an overall decrease in free 
volume (Vrentas & Duda, 1977a). Vitamins, like other small organic molecules, require 
certain activation energy to diffuse through limited free volume and the energy tends to 
increase with larger size. In our experimental systems, the vitamins have been 
homogenously dispersed in the glassy matrices hence allowing application of diffusion 
theory in accordance with the body of work discussed earlier. 
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Table 7.1 Release characteristics of vitamin-loaded high-solid polymer matrices 
 
Vitamin 
 
Matrix 
Total 
solids 
%(w/w) 
Matrix 
geometry 
Tg 
(°C) 
Diffusion 
exponent 
n 
Diffusion 
coefficient 
(m2/s) 
Ascorbic acid High-methoxy 
pectin/ 
polydextrose 
80 Slab -20 0.79-0.98 7.9-9.7x10-8 
Thiamin 
hydrochloride 
-carrageenan/ 
glucose syrup 
85 Slab -7 0.61-0.87 3.0-12.0x10-10 
Nicotinic acid Whey protein 
microcapsules 
91 Sphere 
 
30 0.42-0.85 
 
8.5-9.0x10-15 
Tocopheryl 
 acetate 
Modified waxy 
maize starch 
90 Sphere -15 0.17-0.39 9.3-18.4x10-14 
 
 
 Transport phenomena of the vitamins in this study are governed by a coupled 
diffusion that consists of the two components of self-diffusion and mutual (or tracer) 
diffusion. The former is the thermal motion of vitamin molecules in the high-solid matrix 
in relation to free volume considerations and relaxation processes in the matrix. The latter 
requires a common concentration gradient between matrix and solvent for diffusion to 
occur from the surface of the matrix to the liquid medium. Vitamin flow could be 
perturbed by the countercurrent flow of the liquid medium to solubilise the tracer, which 
was homogeneously dissolved within the high-solid carrier. The water content of up to 
20% (w/w) in our mixtures result in a slow self-diffusion of the microconstituents due to 
interactions with hydroxyl groups of the macromolecules (Huang, Davies, & Lillford, 
2011; Davies et al, 2010) and the tightly bound monolayer moisture in experimental 
conditions of low water activity (Sherwin & Labuza, 2006). Plasticisation and swelling 
effects were negligible during diffusion due to the polymer matrices being immiscible in 
the organic solvent hence having a low thermodynamic compatibility with the diffusion 
medium (Slade & Levine, 1993). 
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There are numerous free volume models developed to express the diffusion of 
traces in polymer solids. In 1959, Cohen and Turnbull presented an expression that relates 
the self-diffusion coefficient to the free volume of a condensed liquid or rigid sphere. 
Their work provided the theoretical framework for Fujita (1961) and Vrentas-Duda (1977) 
to describe the mobility of small concentrations of a penetrant (solvent, plasticizer) in 
highly concentrated solutions of a synthetic polymer. Later, Vrentas and Duda 
demonstrated the self-diffusion of organic solvents in glassy and rubbery polymers 
assuming that self-diffusion is defined as a single jumping unit of the solvent molecule 
into a small section jumping unit of a very long and flexible chain polymer. The free 
volume model has been further applied to drug release by Peppas & Reinhart (1983) by 
considering three components, i.e. drug, polymer and swelling medium hence being useful 
for the concentration-dependent diffusion observed in hydrogels. Structural parameters, 
drug size, swelling ratio and polymer molecular weight between crosslinks are included to 
explain the mechanism of drug diffusion through a swollen membrane. 
The aforementioned free volume models include limiting assumptions for the 
explanation of our vitamin diffusional mobility. First, Vrentas and Duda primarily 
consider the self-diffusion coefficient without the driving force of tracer into the liquid 
tank. This complex model has many unknown parameters and these are currently 
unavailable in the food literature for the solving the proposed equation. Secondly, Pepas 
and Reinhart have considered changes in the purpose of free volume of the gel due to the 
solvent absorption rather than the state transition of the polymer subsequent to the 
vitrification phenomena observed presently. 
In this Thesis, we introduce a Williams-Landel-Ferry (WLF) type of equation 
(1955) to advance a relationship between vitamin diffusion and biopolymer relaxation 
process. Vitamin diffusion in the concentrated biopolymer matrix is governed by its Tg, as 
follows: 
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𝐶′2𝑔 = 𝐶2𝑔  
                                                                (7.1) 
 
 
(7.2)  
 
 
(7.3) 
where, aT is defined as the ratio of the relaxation phenomenon at T (K) to the relaxation at 
Tg by the time-temperature superposition principle, C
/
1g and C
/
2g are constants, B is a size 
parameter usually set to 1, fg is the ratio of free to total volume of molecule at Tg, and f is 
the thermal expansion coefficient.  
 At high solute concentrations and in the vicinity of Tg, the solute diffusion 
coefficient of an appropriately sized small molecule probe in a rubbery polymer is most 
commonly described by the modified WLF equation (Ehlich & Sillescu, 1990; Guo, 
Knight, & Mather, 2009; Hall & Torkelson, 1998; Karel, Anglea, Buera, Karmas, Levi, & 
Roos, 1994; Ramesh, Davis, Zielinski, Danner, & Duda, 2011), as follows: 
                                                                                                                                                                           
(7.4) 
(7.5) 
 
where, D(T) and D(Tg) are diffusion coefficients above or at the Tg, and C
/
1 and C
/
2 are the 
WLF parameters of the matrix via the coupling parameter,:                                                                                                                                                             
                                                                                                                                         (7.6) 
 (7.7) 
 
− log 𝑎𝑇 =   
𝐶′1𝑔(𝑇 − 𝑇𝑔)
𝐶′2𝑔 + 𝑇 − 𝑇𝑔
 
𝐶′1𝑔 =   
𝐵
2.303𝑔
 
𝐶′2𝑔 =   
𝑔
𝑓
 
−log 𝑎T = log 𝐷(𝑇)/𝐷(𝑇𝑔)  
log  
𝐷(𝑇)
𝐷(𝑇𝑔)
 =   
𝐶1𝑔
′  𝑇 − 𝑇𝑔 
𝐶2𝑔
′ + 𝑇 − 𝑇𝑔
 
𝐶′1𝑔 = 𝐶1𝑔  
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Parameter, , is the ratio of the critical hole free volume per mole of solvent 
jumping unit required for displacement of the small molecule jumping unit (s*) and the 
critical hole free volume per mole of polymer jumping unit required for displacement of 
the polymer (matrix) jumping unit (*). The coupling constant relates the intensity of 
interactions between primitive relaxation to physicochemical environment of the 
surrounding components (Kasapis, 2006). In general, it is also identified closely with the 
decoupling parameter (), which is obtained from fundamental concepts of rheology and 
diffusion (Hong, 1995; Ramesh, Davis, Zielinski, Danner, & Duda, 2011). 
According to the basic assumption of the free volume theory derived in Chapter 1, 
Section 1.3.2, reduction in temperature results in the vitrification of amorphous high-solid 
materials and the fractional free volume, =/m, defined as the ratio of the average free 
volume () over the corresponding molecular volume (m), is assumed to decrease 
linearly with temperature in accordance with the equation (Ehlich & Sillescu, 1990; 
Kasapis, 2001): 
 (7.8) 
 
Substituting Equation (7.8) in Equation (7.5) and implementing a straightforward 
calculation provides a simple plotting scheme to test the validity of the following 
equation:  
(7.9) 
Where  and g are fractional free volumes above or at the Tg derived from the WLF 
model of high-solid hydrocolloid matrices, and D(T) and D(Tg) are mutual diffusion 
coefficients of vitamin obtained from Fickian formulae.  
 =  𝑔 + 𝑓(𝑇 − 𝑇𝑔) 
log 𝐷 𝑇 =  log 𝐷(𝑇𝑔) +  

2.303
 
1

𝑔
−  
1

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The experimental results obtained in the various phase of the current study, have 
been summarised and presented in Fig. 7.2. In this the data for each concentration of 
vitamin and biopolymer matrices have been plotted. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.2 Logarithmic effective diffusion coefficients of vitamin loaded in high-solid 
biopolymer systems as a function of inverse fractional free volume (1/g-1/) within the 
glass transition region. Data are for ascorbic acid at 80% total solids high-methoxy 
pectin/polydextrose () and thiamin at 85% total solids -carrageenan/glucose syrup () 
both plotted on the left y-axis, and nicotinic acid at 91% total solids whey protein isolate 
(▲) and tocopheryl acetate at 90% total solids modified waxy maize starch (■) both 
plotted on the right y-axis 
 
            According to Fig 7.2, a highly linear relationship was observed for log [D(T)] vs 
(1/g-1/) (R
2 > 0.95) when fitting the WLF parameters of each high-solid matrix from 
data in Table 7.2 (below) into Equation (7.9), thus providing a guideline for the effect of 
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structural relaxation in the biopolymer matrix on the diffusional patterns of vitamin 
incorporated in the tertiary systems described in this Thesis. 
 
Table 7.2 Modified WLF parameters of vitamins loaded in high-solids matrices 
 
 
Vitamin 
 
Matrix 
Total 
solids 
%(w/w) 
 
Modified WLF parameter 
 
Tg g DTg  (m
2/s)  
Ascorbic acid High-methoxy 
pectin 
/polydextrose 
80 -20 0.040 8.07x10-8  0.006 
Thiamin 
hydrochloride 
-carrageenan/ 
glucose syrup 
85 -7 0.039 7.06x10-10 0.009 
Nicotinic acid Whey protein 
microcapsules 
91 
 
30 0.029 8.99x 10-15 0.012 
Tocopheryl 
acetate 
Waxy maize 
starch 
microcapsules 
90 -15 0.037 9.16x 10-14 0.008 
  
As shown in Table 7.2, this approach allowed us able to calculate the effective 
diffusion coefficient at the Tg of the matrix using Equation (7.9). It was found that the 
lowest value of DTg is observed at the highest total solids content due to limitations of 
solvent diffusion into the condensed medium. In the context of solute diffusion according 
to the free volume concept (Vrentas & Duda, 1977a,b,c), parameter  , may be interpreted 
as the degree of translational diffusion of the solute coupled to the polymer matrix 
relaxation in a glass-forming system. Literature indicates that this parameter fitted to the 
modified WLF equation can be used to identify the extent of coupling between tracer 
molecule (dyes, drugs, essential oils) and a synthetic polymer matrix at temperatures 
above the respective Tg (Guo, Knight, & Mather, 2009; Hall & Torkelson, 1998; Tramón, 
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2014). For complete coupling =1, which means that the average reorientation dynamics 
of the trace compound are identical to the polymer cooperative segmental dynamics. A 
combined rotational-translational process of diffusion occurs when the tracer mobility has 
a temperature dependence that is significantly lower than the average relaxation of the 
macromolecule near Tg. It has been suggested that the value of the coupling parameter 
increases on increasing the probe size in relation to the polymer mesh (Hall & Torkelson, 
1998). 
The assumption of dynamic coupling/decoupling between diffusant and matrix 
motion appears to be appropriate for interpreting our results. Free volume theory 
combined with an effective diffusion coefficient provides a physical explanation of 
transport phenomena in these glasses. Low values of the coupling parameter, i.e. high 
values of the decoupling parameter presented in Table 7.2 support the results in the 
various chapters of this Thesis indicate reduced cooperativity in the motion of 
hydrocolloids and vitamins. Applicability of this model to other biopolymer-nutrient or 
stimulant systems (e.g. essential fatty acids, antioxidants) is of interest to assist with the 
design of adjustable and controllable release of biofunctionality in natural biomaterials. 
 
7.2 CONCLUSIONS 
 
In this Thesis, delivery of bioactive compounds using food-grade hydrocolloid 
systems focused on the principles of structural design and process optimisation in order to 
enhance the stability and bioavailability of encapsulated microconstituents. The 
experiments have been designed to the investigate release characteristics, as an important 
function in delivery vehicles. This has required implementation of theoretical modelling 
for enhanced understanding of the physical processes controlling release. In doing so, we 
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developed novel hydrocolloid architectures to entrap essential compounds via gelification 
and encapsulation in order to stabilise vitamins in the condensed systems. 
It was found that the structure of hydrocolloids is the physical factor that 
manipulates the mobility of small molecules. Large-scale motion of hydrocolloid based 
structure has been fundamentally elucidated in relation to glass dynamics for condensed 
systems that consist of gelling agents (high-methoxy pectin and κ-carrageenan) in the 
presence of cosolutes (glucose syrup and polydextrose) and spray dried microcapsules of 
whey protein and waxy maize starch. Based on dynamic oscillation measurements in-
shear, these high-solid materials demonstrated a glass-to-rubber transition and metastable 
amorphous structure as a function of temperature. A discontinuity from a glassy solid to a 
rubbery high viscous material is well-defined as the Tg. This is a unifying concept of 
molecular mobility in polymer science that provides an interpretive framework for vitamin 
release in kinetically metastable systems of hydrocolloids as amorphous carriers. 
It was found that diffusional mobility of vitamins depends heavily on change in the 
state of the hydrocolloids which were in the current study employed. Constrained glassy 
matrices require high energies of activation to deliver the micronutrients (ascorbic acid, 
thiamin, nicotinic acid and tocopheryl acetate), whereas macromolecular dynamics beyond 
vitrification accelerate mass transport. A spectroscopic shift factor was developed as a 
quantitative parameter for the systematic observation of vitamin release and this was 
utilised to indicate the relative mobility of microconstituents in comparison with the 
mechanical shift factor of condensed hydrocolloid networks. Temperature-dependent 
release patterns strongly confirm a limitation of a classical diffusive flux concept 
explained in terms of a concentration gradient and time according to a general Fick’s 
second law. 
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In general, it was found that the release mechanism of hydrocolloid-vitamin 
systems obeys a non-Fickian diffusion. Power Law shows a diffusion controlled process in 
organic solvents on the basis of non-polymer swelling and lack of chemical interactions 
between components in the blend. Transport of vitamins occurs from the core of the 
biopolymer (self diffusion) to the perfect sink (mutual diffusion) and the diffusion rate 
accelerates at temperatures higher than the mechanical Tg. In addition to considerations of 
polymer relaxation, size of the diffusing molecule is an intrinsic factor that limits 
molecular mobility. Thus, the mobility of the bulky molecule of tocopheryl acetate 
entrapped in the amylopectin network was described as a special case of Less Fickian 
diffusion. 
A critical advance achieved in this work is that the diffusion of vitamins is in 
qualitative agreement with the free volume theory. The concept of free volume describes 
the extra volume required for large-scale vibrational motions and string-like vibrations of 
a polymer chain. According to the theoretical model of Williams, Landel and Ferry, the 
free volume increases linearly with elevated temperature, and the Tg is defined as the 
position where the thermal expansion coefficient undergoes a discontinuity. We have 
highlighted this agreement with an upward trend for both fractional free volume and 
effective diffusion coefficient beyond the threshold of Tg. Thus, the current work offers 
insights into both the physics and the rate of bioactive-compound transport within a glassy 
network. 
The Thesis further innovates by developing a mathematical model that provides for 
strong quantitative agreement between the diffusion coefficient of the vitamin and free 
volume of the hydrocolloid matrix. This yields the so-called coupling/decoupling 
parameter of polymeric motion and small-molecule diffusion. Values of the decoupling 
parameter range from 0.989 to 0.994 for the hydrocolloid-vitamin systems of this 
investigation demonstrats molecular decoupling between the two ingredients during the 
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process of diffusion. The results thus indicate that diffusion phenomena are the outcome of 
identifying an appropriate interstitial void within a polymeric cluster in order to jump in 
this void by a random redistribution of the free volume. The holes are then filled by the 
molecules of the bioactive compound without an overall energy change thus allowing 
passage from one cluster to the next. This process occurs rapidly in our systems leading to 
extensive diffusion, which however can be manipulated by altering the experimental 
constraints. 
 
7.3 SUGGESTIONS FOR FUTURE WORK 
It is interesting for both fundamental and technological reasons to observe glassy 
phenomena of hydrocolloid systems in relation to bioactive compound release. To further 
advance understanding in the field, particular relating to functional food products, 
biopolymer blending laws should be designed and applied in order to determine diffusion 
in relation to cosolute partition between the two polymeric phases. This will take 
advantage of enthalpic interactions between unlike hydrocolloid chains (“sticking 
together”) and enthalpic interactions from chains being surrounded by others of the same 
type (“pushing apart”). It is assumed then that specific futures of the biphasic composites 
from low-solid gels to high-solid glasses can account for profiles of bioactive compound 
release.  
A variety of analytical methods is required to examine diffusional processes in 
biopolymer gels. The current study utilised external methods of UV/Vis 
spectrophotometry coupled with chromogenic reactions to investigate the diffusion 
processes. Interactions between various ingredients in the blends were elucidated with 
Fourier transform infrared spectroscopy, wide angle X-ray diffraction and scanning 
electron microscopy. That was sufficient for the current systems of hydrocolloid/cosolute 
slabs or starch/whey protein microcapsules. In case that the other might be studied and in 
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which porosity is developed in fragile polymeric systems, relationships between shape or 
size of pores and internal molecular mobility should be examined. That would 
complement the concept of free volume developed by small deformation rheology in 
relation to the effective diffusion coefficient. For example, the technique of fluorescence 
recovery after photobleaching (FRAP) will provide useful insights into the molecular 
mobility of “drug” and “polymer strands” in low-solid systems with a high aqueous phase 
where there is mutual mobility of all ingredients given sufficient time of observation. 
To design work directly applicable to functional foods or relevant biological 
systems, diffusion phenomena should be controlled to comply with release from a specific 
dosage form. Depending on delivery-vehicle requirements, formulations could be 
engineered where the aqueous solvent penetrates into the continuous polymeric network of 
a physically crosslinked alginate or carrageenan gel followed by the release of the 
bioactive compound. In this case, macromolecular swelling will become the mechanism of 
importance, and this will be reflected in a high free volume system that can be modelled 
by the predictions of the reaction rate theory. In the opposite case, where rearrangements 
of the polymeric network should remain at a minimum, delivery vehicles of chemically 
cross-linked gelatin gels could be designed to achieve a relatively low rate of diffusion 
meaning that the rate of microconstituent diffusion is much smaller than for the relaxation 
of local polymeric segments.  
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